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OPENING WORDS BY THE CHAIRMAN OF UPoN’96

LASZLO B.KISS
Uppsala University, Angstrom Lab, Material Science Department, Box 534, Uppsala, S-
: 75121 Sweden

Why did we organise the conference on Unsolved Problems of Noise, UPoN'96 ?
Nowadays, the scientific community lacks forams where unsolved problems can be
published. I have had the opportunity to visit many institutes of physics and
technology in different countries and have often found that the most interesting
experimental results have been laying on the table in the lab instead of being
published. The scientists who discovered these results were very pleased to speak
about and discuss these findings, however they did not want to publish them until a
rational correspondence with some accepted theoretical models or views could be
achieved. Without that, they felt it was hopeless (sometimes, even dangerous) to get
the paper published. I have realised that they are right. Scientific refereeing practices
and professional opinions do not really support the publication of strange or very
unusual issues. Progressive ways of approaching scientific problems are often
thought to be suspect or erroneous. Many recent discoveries heralded as revolutionary
issues are relatively slight improvements of technical issues. Less significant
scientific results obtain Nobel prices than that happened in the 1920-1960's years.
Michelson and Morely of today would have had serious problems with the
publication of their unbelievable experimental data. Therefore, the Einstein of today
would not have had the chance to read these results and to develop the theory of
relativity. Even if he could develop it somehow, his revolutionary theory would
certainly be classified as a fiction and not a serious scientific result.

Inspired by these thoughts, the idea of the UPoN conference series is to provide a
forum for discussing important unsolved problems of noise. This idea has been
supported by many of today's scientific leaders as the international committees of the
conference and the list of important sponsors indicate. We are very grateful also to
the Department of Experimental Physics, JATE University, Szeged, Hungary for the
essential help with the Tocal organisation of UPoN’96. We hope that this meeting
will be a kind of break-through in the objective and style of noise conferences as the
logo of UPoN’96 shows.

The key-sentence of the UPoN'96 conference is a citation from the “Speech on the
Mountain” of the Bible: "Blessed are they which do hunger and thirst after
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righteousness: for they shall be filled” (Mt 5:6). For the UPoN’96 Organisers the
word "righteousness" has had multiple meanings:

1. The idea of UPoN conference is to point out the contradictions or imperfections
of present scientific knowledge instead of hiding them.

2. Selection of invited speakers: anyone in the scientific community had the
opportunity to submit a proposal for an invited talk.

3. Refereeing most of the proposals had been done in a double-blind way. Though,
in some cases the reader could conjecture who was the author of the paper, in most
of the cases, the Referee was uncertain about the identification of the author.
Therefore, the name and affiliation of the authors had practically not influenced the
refereeing process, dislike at some other scientific papers and conferences. Invited
talk proposals (reviews of old unsolved problems) had been refereed by 3 members of
the International Scientific Committee, while regular talk proposals (new unsolved
problems) had beer: refereed by 2 members.

4. After the conference, the Editors have done a last thorough screening of the
articles. This is partly the reason why some of the presented talks is not published in
this book.

Before turning to the unsolved problems of noise presented in this book, I would
like to take your attention to the probably most important unsolved problem of
nowadays science, because this problem is also relevant to noise phenomena. We,
noise researchers all know that a finite duration time-record of a noise does not have
any meaning. Either, the record duration has to be infinite or we should have finite
records from an infinite number of analogous physical systems to use the terms of
nowadays science: distribution functions, noise spectra, etc. We are interested in the
general properties, and we are unable to accurately predict details of single events.
Scientists of classical physics believed that this is due to our limited knowledge and
by solving the set of equations describing a complex system, we, in principle, could
be able to predict even a single sequence of events accurately. Quantum physics has
proved that it is not the case: the nature is fundamentally “noisy”: the single event is
basically unpredictable; the wavefuntion provides only a probability distribution for
the elementary processes. The strange fact is that the experimentalist can record the
whole sequence of elementary events, however, nowadays science is unable to deal
with the accurate prediction of these elementary events, it is even unable outline a
mathematical framework for that. It is like, we are studying an infinite “Book”
entitled “Nature”, in which, the different letters correspond to different occurring
values of physical quantities. The only thing what a scientist can do is to
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make/predict a statistics of the occurrence of different “letters” appearing in the book,
including some cross-correlation effects. Mathematically, all these statistics are
inherently based on some infinite ensembles of elements. On the contrary of that, in
reality, experimentalists have always been facing ensembles with finite number of
elements, a number determined by resolution of instruments and limited time for
measurement. The experimentalist has to smooth, filter, trash, the vast amount of
the particular information from the sequence of data and to compare the few
remaining statistical results with theories for inherently infinite statistics. We cannot
predict the particular sequence of letters on the next page what we have not seen yet
in “Book of Nature”, we can talk only about probabilities of future events. It is a
part of the basic problem: we do NOT understand that “fext” in the book. Turning to
noise processes, for example, a thermal noise of a given impedance is a timefunction
which contains practically infinite amount of information, it looks like an encoded
wideband signal with an encoding which provides the maximal efficiency of
information transfer. However, nowadays science is unable to decode that
information, it is even unable to formulate a proper initiative question about that, it
can understand only just a few basic characteristics of this process, like amplitude
distribution functions, power density spectra. The Copenhagen foundation of
quantum physics, due to Heisenberg’s uncertainty principles, even forbids us to ask
such questions about the particular information camried by a given sequence of
elementary events. Will we ever have the ability to decode what the thermal noise of
a particular resistor is talking to us? If yes, that science will be Another Science, not
the science which has been evolving since Gallilei/Newton. I believe that the way of
science and mathematical approach which we have basically been following since
Newton, which is a way based on finding generally valid laws and formulate
equations of balance for conserving physical quantities, strictly does lead to the
quantum physics of our century, which is a crown of this evolution on one hand, on
the other hand, it is a sort of deadlock, especially, when we really want to read that
“Book of Nature”.

1 hope, by studying this book, the Reader will find interesting scientific problems to
think about.




OPENING WORDS FROM THE INTERNATIONAL ORGANISING
COMMITTEE

DEREK ABBOTT
University of Adelaide, EEE Department, Australia

‘What a marvellous idea to have a conference on “unsolved problems”. Conferences
have been traditionally about what we have come to know -now we have one about
what we do not know. It is refreshing to have a new paradigm, do things differently
and openly discuss vexing and unsolved problems.

Of all the disciplines, noise is probably the most challenging and only
stubbornly releases its secrets to us. So let us all use this conference to have some
fun and do things a little differently. Normally an audience cross-examines the
speaker. Perhaps in a conference on unsolved problems this should be the other way
around - the speaker now poses questions to the audience. Question time will not be
a one-way affair, but will be a time of lively interaction or brainstorming. Let us
remove our academic inhibitions and let our childish fascination of nature speak out.
The British physicist William Henry Bragg (1862-1942) once said *“The important
thing in science is not so much to obtain new facts as to discover new ways of
thinking about them."

It is an honour to be addressing so many distinguished researchers in the field of
noise. Noise is a very déep subject and it takes a special breed of person to explore
it. Because of the all-pervading nature of noise, the researcher is forced to become an
expert in many areas of physics and electrical engineering. The exploration of noise
can involve studying device physics through to electronics, biology, earthquakes,
thunderstorms, mechanics, quantum theory and gravitation to name a few. Noise
appears everywhere. '

It is appropriate that the birth of this conference is in 1996, which is the 70th
anniversary of Johnson's famous experiment. Both Johnson and Nyquist were
Swedish immigrants, working in the USA. They both attended Yale and completed
their PhDs at the same time. Johnson shared his results with Nyquist, who only
took a month to come up with his now well-known derivation. Although this result
was foreshadowed by Einstein in 1905 and de Haas-Lorentz (the first woman in noise
theory) in 1912, Johnson and Nyquist turned 1926 into a major milestone for
electrical noise. Also exactly a hundred years earlier, in 1826, Brown carried out his
microscope studies and opened the door for research into fluctuation phenomena.

The more we have studied fluctuations over the last 170 years, the more we
have learned and yet we have discovered there is even more we do not know. Noise
certainly keeps us humble.
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- The mathematician Jacob Bronowski (1908-1974) once wrote, “There is no
absolute knowledge..... all information is imperfect. We have to treat it with
humility.”

The famous Danish philosopher Soren Kierkegaard (1813-1855) said “The
paradoxical character of truth is in its objective uncertainty.” It is fascinating that
this was written 100 years before there was such a beast as a Copenhagenist! Danish
philosophy found its way into Danish physics. In contrast, the Dutch philosopher
Benedict de Spinoza (1632-1677) wrote, “Nothing in nature is random.... A thing
only appears random through the incompleteness of our knowledge.” He said that
some 300 years before ‘hidden variable’ theories were debated.
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A BRIEF HISTORY OF RANDOM PROCESSES

MICHAEL F. SHLESINGER
Office of Naval Research.
Physical Sciences Division
800 N. Quincy St.
Arlington VA 22217-5660, USA

This volume deals with unsolved problems of noise, Before we can understand and
appreciate noise in natural and man-made systems it may be instructive to begin by
exploring the beginnings of the field of mathematics known as random processes. In
addition to being instructive it is also reassuring to see that previous generations
also faced their own set of unsolved problems. Several of those who introduced new
ideas became very well known for their efforts. A general set of references related to
historical matters is given at the end.

Man's conscience deliberation with random processes is as least as old as the
ancient game of throwing the bones . The bones in question, called astrogali, are the
heel bones of animals including dogs and sheep. These bones fit nicely in the hand,
and are the forerunners of dice. In fact, the French expression "jeu d'hasard" (games
of hazard or chance) comes from the Arabic for dice "al-zar" . In reality, gambling
(from dice to actuarial tables to risk-benefit analysis) has always been in the forefront
of expanding the frontiers of probability theory. The bones in question have only
four faces upon which they come to rest. The four-sided spinning dreidel is the most
similar, in this respect, to throwing of the bones. In ancient times a mathematics of
probability did not arise. Perhaps, this was because the early dice did not have
equally likely outcomes and the occurrence of a rare event (landing on a less probable
face) was ascribed to luck rather than sparking the development of the idea of the
permanence of statistical ratios. The Greeks played with a roll of five dice while the
Roman played with a roll of four. Each combination of outcomes was given a
name, much the same as today we call a role of a pair of ones "snake eyes”. For the
Romans four ones were called "the dogs". They labelled the four faces as 4 (upper
bone), 3 (opposite side of the upper bone), 1 (flat lateral side), and 6 (its opposite
side). The Venus throw of 1,3,4,6 which represented beauty had one of everything.
On the other hand, a mathematics of probability also did not arise from the ancient
Chinese, I Ching, which has 64 equally likely outcomes. The I Ching was used as
an oracle and perhaps has too many outcomes to provide the insight to inaugurate a
new field of mathematics.

Despite some early writings on dice games, probability got its recognized
start with a correspondence between Pascal and Fermat in 1654 which cleared up a




misconception between the probability to win and the expected winnings. The
problem was posed to Pascal by a French gambler, Chevalier de Mere. He found it
was more likely to get a 6 with four throws of a die, than to get a pair of sixes with
24 throws of a pair of dice. Specifically, the expected number of sixes in four
throws of a die is 4/6, which equals the expected number of pairs of sixes in 24
throws of a pair of dice. So why should the empirical probabilities differ? The

probability to throw at least one six in four throws is 1 - (5/6) 4 = 0.5177, and the
probability to get at least one pair of six in 24  throws of a pair of dice is 1 -

(35/36) 24 = 0.4914. Equal expectations do not imply equal probabilities. Having
easily settled this matter, Pascal and Fermat wrestled with other problems such as,
how to split up the ante in games of chance which are not completed. With more
than two players considered, these problems would tax many modern practitioners.
For example, if A, B, and C play a game of chance and A needs 1 more win, and B
and C both need two more wins, then if the game is not continued show that the
ante should be split as A:B:C is to 17:5:5.

Early confusion also existed between the difference between combinations and
permutations. A gambler brought the following problem to Galileo's attention.
Throw 3 dice and you are more likely to get their sum adding to 10, before a role
gives a sum of 9. Yet, there are six combinations which give 10 [6,2,2], [5,2,3],
4,2,4], [6,3,1], {4,3,3], and [5,4,1], and six combinations which give rise to a 9.
So why is getting a 10 first a better bet? As Galileo correctly pointed out there are
6X6X6=216 possible permutations of three throws of a die. For example the [6,2,2]
combination can occur 3 ways as [6,2,2], [2,6,2], and [2,2,6]. Adding up all the
permutations gives the probability to get a 6 as 27/216, while the probability to get
a 9 is only 25/216. In any event, these early concepts of probability were
perplexing to early gambling practitioners.

Lest we moderns feel too superior, let me relate a recent question of
probability which caused contestants in a TV game show to scream and many times
make wrong decisions. The game had three curtains with a prize hidden behind only
one of the curtains. The contestant picks a curtain, say #3, which is not yet opened.
Of the two remaining curtains, at least one (and maybe both) harboured no prize. An
unpicked curtain with no prize behind it is opened, say #2. The contestant is then
asked if he would like to switch the curtain he picked, #3, with the other unopened
curtain #1. In effect, the contestant is being offered curtains #1 and #2, and these
have a probability of 2/3 of leading to the prize. Curtain #3 has probability of 1/3
of being right, which is one-half of the probability if the switch is made. So the
switch should always be made. If you still need convincing, try the game yourself.

The Pascal-Fermat letters stimulated Huygens to write a treatise on
probability theory. This, in turn, peaked the interest of Jacob Bernoulli who turned
his attention to questions of combinations and permutations, and games of chance.




His works were published posthumously, in 1713, under the title Ars Conjectandi
(Art of Conjecture). Jacob's brother John, also an eminent mathematician
disapproved of probability and effectively held up publication of his brother's book.
When it eventually appeared, John called it "a monster which bears my brothers
name". What was in this monster book? Jacob introduced the Bernoulli process
where a player has a probability p to win in each trial of a game, and probability q =
1 - p to lose. We would today equate Jacob Bernoulli's analysis to a random walk
on a lattice by keeping track of a player’s status along a one dimensional axis, with
success equated to a jump of one unit to the right, and failure a jump of one unit the
left. The probability, pn(k), of k successes in n trials is given by [n!/((n-k)'k!]

pkq“‘k. In the limit of large n, and for p=q, DeMoivre, showed, in 1756, that the
probability to get 21 more successes than failures (or vice versa) in n Bernoulli

trials is (2pn)'1/2 exp(-h 2/2n). This can be seen by expanding the factorials in
pn(k) with k = n/2 £ hA.  This probability function is today called a Gaus$ian

because Gauss showed, in 1809, that DeMoivre’s result holds in-a more general
situation of being the probability limit distribution when adding up identically
distributed random variables with finite second moments. An intimate connection
with these types of random walk processes and Gaussian probabilities was latter
made to the phenomenon of diffusion called Brownian motion. For example, in
Bernoulli’s game (process) consider two players each starting with R/2 coins and
with equal probability to win or lose a coin in each trial. The mean number of
trials, <N(R)>, before one player loses his fortune can be calculated to be

R(R+1)/6, and for large R, <N(R)> = R2. In Brownian motion, the mean square

distance a particle moves after N steps satisfies <R2(N)> = N. In effect, Einstein
moved the averaging to the space variable, instead of Bernoulli’s time variable N.
Bernoulli calculated what we would call today a mean first passage time, i.e., the
number of games played until one player's stake is exhausted. His was the "first"
first passage time calculation.

Poisson, in the 1830’s, found another possible limit for the Bernoulli
process; let p — 0 and n— infinity such that np — 1, a constant. Then pp(k) = n(

n-1) - - (n-k+1) pK (1-p) ™Kkt = (np)Ke- WP e Pkt = K e-Vki, This is called
a Poisson probability distribution. Poisson wrote a book on probability, but
devoted to social problems, such as the probability of a jury reaching the correct
verdict. The first reported use of the Poisson distribution came from Germany, at
the late date of 1894, where it was used to model the number of soldiers kicked to
death by their horse. As this was a rare event the Poisson distribution provided a
good fit.

Over in London, Bernoulli’s contemporary De Moivre, wrote in 1718, the
first edition of his famous treatise on probability, The Doctrine of Chances, which




provided explicit odds for popular card games, and more importantly introduced new
concepts, including the use of generating functions, Sterling’s formula for log ( n!),

the derivation of the formula (cosJ + { sin J)® - cosnJ + { sin nJ, and

proving that the Gaussian is the many trial limit of a Bernoulli process (in the 1756
3rd edition). A problem which could be solved by generating functions can be
found in Crystal's book on Algebra " By French Law an illegitimate child receives
one third of the proportion of the inheritance that he would have received had he been
legitimate. If there be p legitimate and n illegitimate children show that the portion
of the inheritance due to a legitimate child is 1/p - n/[3p(p+1)] + n(n-

1)/[32p(p+1)(p+2)] - == + nY[3%(p+1) =+ (p+n)]. Even back then it was not
unimportant to have an application for your work. Being a French Huguenot,
DeMoivre was never able to secure an academic position in England. He managed
by setting himself up in Slaughter's Coffee House where, for a fee, advice could be
garnered. De Moivre's other probability book, Annuities Upon Lives, inaugurated
actuarial science. De Moivre also predicted his own death. At about the age of 80
he noticed that he was sleeping more. He then kept a log of his hours and
extrapolated that in seven years he would be sleeping 24 hours per day. His
prediction was correct.

The Gaussian (also called the normal) is the limit probability distribution for
a sum of identically distributed random variables with finite second moments. This
was shown by Gauss in 1809, and is called today the Central Limit theorem of
probability. Actually, this result was obtained in 1808 by Robert Adrain, an
American of Irish descent. Adrain published in an obscure American journal called
The Analyst, which only lasted for one volume. Nevertheless, Adrain was one of
the several scientific and mathematical leaders who flourished during the Jefferson
presidency. Adrain proved his result, (that adding up many identical random variable
with finite moments, leads to the Gaussian probability distribution) in the context
of the study of errors in measurement. The Gaussian is also called the Law of
Errors. Galton, the English statistician was so taken with the law that he wrote "I
know of scarcely anything so apt to impress the imagination as the wonderful form
of cosmic order expressed by the Law of Frequency of Error. The law would have

been personified by the Greeks and deified, if they had know of it. - The larger the
mob and the greater the apparent anarchy, the more perfect is its sway." This last
sentence refers to the better convergence to a Gaussian the more terms in the sum of
random variables.

It was not until 1879 that MacAlister introduced the distribution for a product
of random variables called the log normal distribution, as it is a Gaussian in the
logarithm of the variable. Schockley, the inventor of the transistor, studied the
productivity of scientists by investigating the number of papers published by
individuals. He found this to obey the lognormal distribution. He argued that




several factors were necessary to successfully publish, including getting ideas,
having technical expertise, the ability to fight with referees, etc. He further argued
that a product of these random factors were related to one's productivity. And a
product of random variables would be governed by a lognormal distribution. It was
said that he gave pay raises to his staff based on the logarithm of the number of
papers published, and noted this with a Marxist joke, --- Let each be rewarded
according to the logarithm of his abilities.

Laplace in his 1815 treatise Theorie analytique des probabilities continued
the tradition of introducing new tools in applied mathematics through probability.
Before Laplace, most work in probability focused on the discrete where all the
possible outcomes of a trial could be enumerated. Card and dice games are good
examples of this genre. Laplace brought the integral and continuum mathematics to
the fore of probability theory with questions like; if an urn contained an infinite
number of black and white tickets and one chooses A tickets of which p turn out to
be white and q are black, then what is the probability that if an additional B tickets
are chosen that m are white and n are black. Laplace's solution was an integral from

0 to 1 with an integrand of the form xP¥M(1-x)d*N led the way for calculating a
wide variety of integrals, many of which are well known today.

Probability was still fringe area of mathematics with a somewhat disreputable
reputation, until the work of Kolmogorov and Khintchine, in the 1930's, place
probability on a firm mathematical basis. This foundation was necessary because
probability ran into trouble early on. In the early 1700's, Nicolas Bernoulli
discovered a troubling game of chance. The game was to throw a coin until a head
resulted. With probability 1/2 this occurs on the first throw, and a win of one coin

would result. If N tails proceeded a head throw, this event of probability 1/2N+1

would yield a win of 2N coins. One wins an order of magnitude more, but with an
order of magnitude less probability. The expected winning from a round of this
game would be the probability of winning times the win amount, summed over all

possible outcomes. Well, this wouldbe 1/2X 1 + 1/4X2 + - + 12N+lx

N4 o = infinity.  This game is called the St. Petersburg Paradox, because
Daniel Bernoulli wrote about it in the commentary of the St. Petersburg Academy in
1722. The paradox arises when trying to determine a fair ante to play this game.
The banker wants the player to ante up an infinite number of coins because this is
the bank's expected loss. The player only wins a single coin half the time, two
coins one-quarter of the time, etc. Thus a player would not like to place a large ante
because most of the times his winnings are small. Today we would recognize this
as an example which produces a normalized probability distribution, but one which
has an infinite first moment. The paradox is trying to find a characteristic size from
a distribution which does not possess one. In a distribution with an infinite mean,




sampling produces values of all size, but in such a proportion that no single size is
dominant or characteristic.

Statistics could also led to controversy, then and now. In the 1700's small
pox was epidemic. It was discovered in Turkey that-a primitive inoculation made
from cowpox could create immunity to smallpox. Jenner, in England, later
correlated that milkmaids in England were pretty (they didn't get smallpox and its
facial scars) because they contracted cowpox which protected them from smallpox.
Jenner developed a safe vaccine. In any event, earlier on inoculations began and
statistics were collected. Seven percent of an untreated population died from
smallpox. For an inoculated population .5% died from the inoculation. What to do,
to inoculate or not? Daniel Bernoulli lobbied vigorously in favour of inoculation,
while D'Alembert took the opposite case. D'Alembert said if left alone you have a
93% chance to live. Get an inoculation and 1 out 200 would die from the
inoculation. The probability was great that the death would be from the 93% that
would have lived. Either choice has its risks for the individual, but for the
population at large inoculation was clearly optimal. These argument reached
Benjamin Franklin in America, where at his urging George Washington had the
Continential Army inoculated at the time of the Revolutionary War. The army
escaped decimation by smallpox while some town were scourged. If the army was
taken ill the outcome of the war might have been entirely different.

Another paradox was discovered by Betrand. Take a circle of unit radius and
randomly draw a chord. What is the probability that the chord length is larger than
the side of an equilateral triangle inscribed inside the circle? Draw a random chord.
Now draw an inscribed equilateral triangle with a vertex at one end of the chord. If
the chord intersects the side of the triangle opposite the vertex then it is longer than
the side of the triangle. This occurs with probability 1/3. Now inscribe a circle
inside of the triangle. Its area is 1/4 of the original circle. If a chord has its
midpoint inside this inner circle its length will be longer than the side of the
triangle. Picking a point at random inside the large circle will give a probability of
1/4 that it is also in the small circle, thus giving that as the probability that-a
random chord is longer than the side of an inscribed equilateral triangle. So is the
probability 1/3 or 1/4? This is really a question of how one measures success, as a
one dimensional section of arc, or as a two dimensional area. One must describe the
measurement process one uses to obtain the correct probability.

In addition to these paradoxes, the connection of probability to gambling gave
it an unsavoury reputation. The Edict of Louis IX said "They shall abstain ... from
dice and chess, from fornication and frequenting taverns. Gaming houses and the
manufacture of dice are prohibited." Kendall the English mathematician said "During
the Dark Ages gambling was prevalent throughout Europe. Efforts ... of Church and
State to control the evils ... were ineffective. Nothing is more indicative of the




persistence of gambling than the continual attempts made to prevent it. Montroll
and the author wrote on this same subject saying, "Since travelling was onerous (and
expensive) and eating hunting and wrenching generally did not fill the 17th century
gentleman's day, two possibilities remained ... praying and gambling; many preferred
the latter. But despite, opposition to probability as a real mathematics, due to a
number of seeming paradoxes, and prohibitions from church and state, due to its
gambling connections, the ideas set in motion by the above mentioned books would
spread and be carried on by new generations.

Poisson’s book found its way to Russia where Chebyshev read it and did his
1846 Master’s thesis on probability, and also started a school in this area. His
star students were Markov and Lyapunov whose Markov chains and Lyapunov
exponents are of great importance in modern work. The year 1905 saw the name
random walk used for the first time. Pearson, the English mathematician wrote to

Nature on "The Problem of the Random Walker" He posed the following question.

"A man starts from a point zero and walks L yards in a straight line: he then turns
through any angle whatever an walks another L yards in a second straight line. He
repeats the process n times. Irequire the probability that after these n stretches he is
at a distance between r and r+dr from his starting point 0."  Lord Rayleigh wrote
back that this was a problem which he had already solved in the context of adding up
waves of equal amplitude, but random phases. Today this is called Pearson’s random
walk.

The early 1900’s saw the introduction of Brownian motion by Einstein and
Bachelier, and reaction kinetics by Smoluchowski. Langevin, in 1908, studied
equations of motion with an additive random force. Jumping over potential barriers
in noisy systems was investigated by Pontryagin, Andronov, and Witt in Russia in
1933 and Kramers in Holland in 1940. These works initiated the field of noise-
induced transitions. Schottky in 1922 studied the phenomena of shot noise in
diodes. Specifically, if electrons arrive at a detector, with a rate V and cause a
decaying time dependent current i(t), then the total measured current s

oQ

I(t)= Zi(t —T ), where Tj represents the past arrival time of the jth electron.
A
0 0
This shot noise has an average value of V [i(f)df and variance V [ i2(t)dt.
0 0

This is also known as Campbell’s theorem to mathematicians and it was introduced
in 1909. Chandrasekar’s review of random processes in 1943 including random
walks, Brownian motion, escape over barriers, and stellar dynamics dominated the
field for many years. Rice reviewed advances in analyzing noise in electrical
devices. The analysis of telephone switching systems, by Fry at Bell Telephone in
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the 1920’s, and by Erlang in Denmark in the 1940’s produced advances in the
statistical dynamics of congestion of networks. Fisher and Tippett in 1928
introduced extreme value theory to find the largest or the smallest value from a set of
random variables.  Statistical physics focused on noise, for its own intrinsic
properties, and introduced the Master equation, entropy and fluctuation-dissipation
theorems. Lévy, in the 1920’s and 1930’s, introduced scale invariant random walks
and distributions for random variables with infinite moments, which were an
important precursor for the field of fractals. Montroll beginning in the 1940's
opened the field of random walks to physicists with a very clear and easy to use
Green's function-generating function approach. With these advances an tools science
was ready to pursue the question of noise in natural systems and man-made devices.
The remainder of this volume will detail some of these exciting advances and point
out still unsolved problems.
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THE FOKKER-PLANCK BOUNDARY LAYER,
RECURRENCE TIMES,
AND WANG & UHLENBECK'S UNSOLVED PROBLEMS
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The Fokker-Planck boundary layer is essential to understanding quantites ranging from first
passage times, to recurrence times, to the distribution of maximum excursions for a Brownian
particle with inertia. These problems were described by Wang and Uhlenbeck in 1945 in
their list of unsolved problems in the theory of Brownian motion, and in this paper we discuss
how they are all manifestations of the phase space boundary conditions. We review the
progress that has been made during the last half of the twentieth century, and we describe
related unsolved problems which remain in applications of diffusion theory to problems with
concentration boundary conditions, such as transport across biological channels.

1 Introduction

Following the seminal 1930 paper "On the Theory of Brownian Motion" by Ornstein
and Uhlenbeck [1] and the next decade's progress by (among others) Kramers [2] and
Chandrasekhar [3], Wang and Uhlenbeck produced an up-to-date review of the field in
1945 entitled "On the Theory of Brownian Motion II" [4]. In the final section of that
paper, Wang and Uhlenbeck identified five particular unsolved problems within the
theory of stochastic processes. Specifically, they listed

(a) The Approach to the Barometric Distribution,

(b) First Passage Time Problems,

{¢) The Recurrence Time Problem,

(@ The Distribution of the Average Value, and

() The Distribution of the Absolute Maximum of a Random
Function y(¢) in a Given Time Interval 7.

Problems (a), (b), (c) and (e) share the feature that they are rooted in questions of
boundary conditions in phase space. Problem (d) is a very general question in
probablility theory, and we will not consider it here.

Unsolved problem (a) illustrates the boundary condition issue in a clear and basic
physical setting. Consider a particle of mass m diffusing in an isothermal bath under
the influence of gravity in the half-space z > 0 with an impermeable reflecting floor

1
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atz=0. Let p denote the momentum, and P(z,p,) be the time-dependent phase space
probability distribution satisfying the Klein-Kramers-Fokker-Planck equation
oP(zpf) _ p P oP ) ( ap) |
=l = B mg = + Y=(pP + mkpT =), 1
ot m 8 op Y op p B op 1)
where g is the acceleration of gravity, ¥ is the friction coefficient, and kgT is
Boltzmann's constant times the temperature. Equation (1) must be supplemented
with initial and boundary conditions appropriate for the physical situation under

consideration. Wang and Uhlenbeck raised the question of the solution starting from
definite position and momentum values,

P(z,p,0) = 8(z — z0) 8(p - po)- ()

The other boundary conditions are natural, i.e., P — 0 for z = oo and P —> teo, but
Wang and Uhlenbeck did not sound completely convinced about the appropriate
boundary condition for the reflecting surface. They said, "We feel sure that this
means the condition:

PO.p,7) = P(0,-p,7)." €)

This reflecting boundary condition supports the equilibrium (barometric) distribution

c oA —"— expf - —2— _mgz
Pezp) =8 \/2n(kBT)3 ‘?"p( 2kaT) e"p( kBT)' @

The problem posed by Wang and Uhlenbeck, then, was to determine the fully time-
dependent exact analytic solution of (1) in order to study the approach to the
barometric distribution. It's the reflecting boundary condition (3) that complicates
the problem; in the absence of the floor where (3) is replaced by natural boundary
conditions (P — 0 as z — —oo), the exact time-dependent solution is straightforward
to write down. In that case the phase space process is jointly gaussian in z and p and
the distribution is completely determined by the time dependent means and variances
which are easily computed from (1).

Obvious attempts of applying the method of images do not work for g # 0, and I
don't know if Wang and Uhlenbeck's problem (a) has actually been solved as of 1996.
I do not believe it is a particularly pressing issue, but it is interesting because it
shows that (i) even very simple physical systems may resist exact solution and,
perhaps more significantly, (i) nontrivial phase space boundary conditions are
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possible for reasonable physical problems, and such boundary conditions may
introduce new challenges.

Unsolved problems (b), (c) and (¢) are very closely related for phase space
diffusion processes, and these are what we will focus on in this paper. Consider
unsolved problem (b) in its simplest setting: a diffusing particle is placed in motion
attime ¢ = 0 in the half-space z > 0 and we ask for the statistical properties of the
random time when the particle first achieves z = 0. This is the classical "first-
passage” or "exit time" problem, and the boundary at z = 0 is called an absorbing
boundary. For overdamped motion the analogous problem is exactly soluble. For
the particle with inertia, however, it remains to this day to be solved in full
generality by exact analytic methods. The problem may be precisely stated as
follows: the time-dependent phase space probability distribution satisfies

oP(z,p, dP d JaP
'—%LQ = —ﬁ--é-z- + y-;a;(pP+kaT§;-) ®)

with inital conditions corresponding to definite position and momentum values,

P(z,p,0) = 8(z - 2¢) 8(p - py). ' ©6)

The boundary conditions are again natural (P — 0) for z — oo and p — #*eo, but as in
the previous problem, Wang and Uhlenbeck expressed some discomfort with their
proposal for the appropriate boundary condition at the absorbing surface. They said,
"We feel sure that this means the condition:

POpH=0 Vp>0." )

No condition is given for p<0Oat z = 0. That must be determined a posteriori
from the solution. Although this "half-space” condition may seem odd, it is
physically correct and mathematically well posed. It says that no particles are
allowed to enter the region z > 0 from below, so when the particle crosses this
boundary it never returns. The total probability remaining in z > O at time £ is the
probability that the particle has not reached z = 0 by time ¢, from which all of the
statistics of the first-passage time may be computed. Equation (6) is parabolic in p,
but it has a hyperbolic character in z with the associated speed being p/m. So while
“initial" data is appropriately specified at z = 0 for p > 0, giving information that
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may propagate into the equation's domain, the solution for p < 0 propagates from
within the domain and may not be specified independently.

Wang and Uhlenbeck's unsolved problems (c) and (e) are closely related to (b).
The recurrence time is the random time that it takes a particle to return to a point
from which it starts. In the overdamped, high friction limit this time is precisely
zero, but in full phase space it may be cast as a nontrivial exit-time problem as in
problem (b). Likewise, the problem in (e) may be rewritten as a first-passage time
excercise, as was already recognized by Wang and Uhlenbeck.

The fundamental problem (b) was solved analytically in its simplest form only
in the 1985 5], while the general exit time problem remains unsolved in full exact
detail to this day. In the remainer of this paper we describe the progress that has been
achieved and the continuing relevance of this problem to present day applications.
Modern applications of these ideas include the problem of ion diffusion and transport
through channels in biological membranes and important unsolved problems of
stochastic motion with concentration boundary conditions where both the exit time
and the recurrence time problems find a natural expression.

2 Solved and unsolved problems for Brownian motion

Consider the first-passage time problem (exit time problem) Wang and Uhlenbeck's
problem (b). In the overdamped limit (inertia-less limit, or high friction limit) of
Brownian motion, the probability density of the particle's position, p(x,f), obeys the
simple diffusion equation

12 P
2 = %L | ®)
where the diffusion coefficient is
kgT
D = m_y A ®

For the exit time problem out of an interval [O,L] starting from xq € (O,L), the
initial condition is

p(x,0) = 8(x —xp) (10
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and the "absorbing" boundary conditions are
PO, = 0 = p(-L,2). (11)

Let t,, be the random time at which the particle reaches the boundary. Then the
probability distribution of z,, can be computed from the solution of Egs. (9-11) via
L

Prob{z, > 1) = Jdx pixp) . ' (12)
0
The mean exit time is particularly straightforward to compute:
(13)

Now consider the analgous problem for a particle with inertia. The time-
dependent phase space probability distribution p(x,p, ) satisfies

P, P
Q‘%}’l - 2%, 'yg-p-(pp+mk3T%§-) a4)

with inital conditions corresponding to definite position and momentum values,

p(x.p,0) = 8(x - x0) 8(p - py)- 1s)

The boundary conditions are again natural (P — 0) for p — oo, but they are
complicated at the absorbing boundaries. At x = 0 and L the physical condition is
that no particles are entering the interval:

pOp,)=0forp>0 and p(Lp,r)=0forp<O. (16)

These boundary conditions say nothing about the distribution for exiting particles;
that information must be determined from the solution. If Egs. (14-16) could be

solved, then the probability distribution of t,, could be computed according to
o L

Prob{t,, >t} = fdpfdx plx.p.). a7n
0

Consider the recurrence time problem, Wang and Uhlenbeck’s problem (c). Here
the question is of the random time 1,,, between the particle successively visiting a
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certain position, say x = 0. The relevant initial-bounday value problem is similar to
the exit time problem, only in this case the particle starts at the absorbing boundary.
The problem to be solved is the first passage time problem from the initial position
back to the initial position. For purposes of explanation consider

% _pls | (18)

with the initial condition just above the boundary at 0,

p(x0) = 3(x - ¢), 19
along with the absorbing boundary condition

PO, = 0, 20

and the natural condition (p — 0) for x — . The recurrence time distribution is
computed from

Prob{t,,. > 1} = :_‘)“0 Sax px). @1)
0

Egs. (18-20) are easily solved by the method of images, and it is easy to see that the
recurrence time is precisely zero, with probability one, in the limit £ — 0 when the
particle starts at the boundary. The can also be correctly deduced from the mean exit
time formula (13) which shows that if xo = 0 then (z,) = 0, which implies ¢,., =0
almost surely, uniformly in the length L.

If the particle has inertia, however, then "starting at the absorbing boundary" is a
more involved condition. For along with the initial position of the particle we must
also specify the initial momentum. In this case the initial-bounday value problem is

579—%—;&’1 - -%g—f + y-‘%(pp+mk3T%%), @2)
with
pG5p,0) = 8(x) 5(p  po) | 23)
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where for definiteness we'll take p, > 0. Natural boundary conditions (p — 0) are
appropriate for p — oo, and at x = 0 the physical condition is that no particles are
passing from the region x < 0 to the region x > 0:

pO,p,H=0 forp>0 and ¢t>0. (24)

This boundary condition say nothing about the distribution of particles crossing from
x > 0 back to the region x < 0; as with the exit time problem, that distribution must
be determined from the solution. If Egs. (22-24) could be solved, then the
probability distribution of ¢, could be computed according to

Prob{t,,. >t} = f dpf dx p(x,p.t). (25)
—o O

The question of the distribution of the absolute maximum of a diffusion process
in‘a given time interval, Wang and Uhlenbeck's problem (e), is equivalent to the
first-passage time problem. To see this, let M(T.x,) be the maximum absolute value
of the stochastic process X, representing the particle's position during the time
interval [0,T] when the particle starts from x,. That is, M(T,x,) is the random
variable defined by

MTxg) = geror X (26)

For a given value m, if xy € [-m,m] then M(T,x,) < m is the event that X, does not
reach +m by time 7T, i.e., that ¢, > T where ¢,_ is the exit time from [-m,m]:

Prob{M(T.x;) <m} = Prob{z, > T}. @7

Of course for m < Ix,l, Prob{M(T,x;) < m} = 0. Hence the solution of the exit time
problem, for both cases of the simple overdamped limit and the full phase space
problem, immediately yields the statistics for the maximum value.

Although each of these problems may be fully analyzed for the case of simple
diffusion describing overdamped motion, none of them has been solved in general for
the Klein-Kramers-Fokker-Planck equation with the phase space boundary conditions.
What has been solved [5,6] is the Klein-Kramers-Fokker-Planck equation with
boundary conditions appropriate for a single absorbing boundary at, say, x = 0:
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dptxp.t) s;’t = _%g—i + Y%(PP"’kaT%%) @8

for x> 0 and — < p < e with boundary condition
p0,p.r) =0 for p > 0. 29)

For example, in order to sustain a steady state with these boundary conditions, a
steady flux J = —lJI of probablility from the right must be maintained. The marginal
density for particle positions near the absorbing boundary is then

) = Sdppep) = B v ) + 0w, (30)

where x,, is the "Milne extrapolation length" for the Klein-Kramers-Fokker-Planck
equation,

Xy = IEGA = (1.4603..)xA, 31)

A is the mean free length,

kT
/1=-‘7; -z, 32)

and {(z) is the Reimann zeta function. In the overdamped limit A — 0, and the
density is just what is expected from the simple diffusion equation, i.e.,

p(x) = % x. (33)

The effect of a finite mean free length, in comparison with the elementary
diffusion equation for this problem, is for a finite particle density to exist at the
absorbing boundary. The "extrapolation length” is so named because the linearly
extrapolated density vanishes a distance Xy beyond the physical boundary. The
boundary layer near the absorbing boundary has the thickness on the order of the:
mean free length and is characterized by corrections to the simple-diffusion linear
behavior of the density, corrections which decay exponentially away from the
boundary. These results are in excellent agreement with detailed numerical studies of
the Klein-Kramers-Fokker-Planck boundary layer problem [7)].

Solving the exit time problem from an interval [O,L] starting from xy € [0,L]
involves two absorbing boundaries, and this has not yet been computed exactly.
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However, if the mean free length is small compared to all other length scales in the
problem, ie., if the particle motion is in the small Knudsen number regime with

A A A
T << 1, . X << 1, and TN << 1, (34
then the boundary layers from the two ends of the interval interfere only weakly with
each other and with an initial layer and a matched asymptotic analysis may be
performed. For the case of initial momentum py = 0, the mean exit time starting
from x, = L/2, the generalization of the result (z,;) = L?/(8D) from Eq. (13), is
(L+x),)? K

M ="gp— * gy tOEH (35)

where k= .22749... is computed from the asymptotic analysis of the Klein-Kramers-
Fokker-Planck equation. The accuracy of the asymptotic results have been confirmed
in numerical simulations [8].

3 Other unsolved problems

Consider the problem of diffusion of particles through a channel connecting two
reservoirs in which fixed concentrations are maintained. An important application of
this kind of set-up is the modeling and analysis of drift and diffusion across
biological channels [10], although in practice those problems may be significantly
more involved [11,12] than the basic problem posed in this section. Some quantities
of interest in such systems are:

(i) the magnitude of the steady state current through the channel,
(ii) the statistics of the current fluctuations in the steady state,
(iii) the residence time in the channel,
(iv) conditional probablities.

These are all relevant and observable quantities in experiments and direct (Monte
Carlo or molecular dynamics) simulations. Only (i) can be computed in simple
diffusion theory. The others require some more sophisticated modeling and analysis.

In the high friction, overdamped Brownian motion picture, the problem for
diffusion along a channel of length L connecting reservoirs at the left and right with
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concentrations C;, and C

our 18 formulated as a boundary value problem on the interval
[0,L]:

%f- =D§2}% (36)

with the boundary conditions.

pO = C,, pLt) = C,,, 37
and initial density in the channel,

p(x,0) = py(x), forO<x<L. (38)
The steady state solution is elementary:

pX) = Cin=(Cin=Co) T | (39)

yielding the expected expression for the steady state current,
(Cin - Cout)

T “0)

J=-D % =D
ox

For channels long compared to the mean free path of a particle, this magnitude for
the current is expected to be quantitatively correct even for particles with inertia.

But the other quantities (ii)~(iv) cannot be fully studied in the high friction
limit. Fluctuations in the current cannot be computed, because to do so we must
have some information on velocity fluctuations and variations of the time-of-flight of
particles through, and/or residence times of particles in, the channel. In simple
Brownian motion the particle motions are not differentiable and velocites are
undefined, so these quantites either make no sense or take on trivial values.
Likewise, conditional probabilities, such as the probability of a particle exiting at
one end given entrance into the channel at the other, are not really meaningful in this
limit: the probability of "transmission" before “reflection” is zero for Brownian
motion, which paradoxically seems to imply that no particle flux is possible!
Effectively this is just what the formula in Eq. (40) tells us because the diffusion
coefficient, D = kzT/my, is inversely proportion to the friction coefficient and,
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strictly speaking, J — 0 when y— e and all other parameters are held fixed. Items
(ii)—(iv) are simply too much for elementary diffusion theory to explain.

For some quantities we may even be led to qualitatively wrong conclusions by
the overdamped analysis. For example, as discussed in the last section and repeated
in the paragraph above, the fact that the recurrence time for Brownian motion is zero
implies that a particle that starts at the boundary (the entrance to the channel) leaves
immediately. However, if one considers proper physical units and takes particle
inertia into account from the beginning, we can conclude that a particle entering a
long channel at one end spends a nonvanishing amount of time in the channel,
proportional to the length of the channel, before exiting at one end or the other even
in the high friction limit. The argument goes as follows: a particle with inertia
entering the channel at x = 0 does so with a momentum on the scale of the thermal
momentum

P = mkpT , @n

and travels a time proportional to the momentum relaxation time 7 = ¥ -1 before
equilibrating again. Hence a particle is effectively inserted into the channel a distance
proportional to the mean free length,

xo~’%r=a. (42)

But from Eq. (13), the mean exit time out one end of the channel or the other is

xo(L—xp) AL

(td =—Sp— ~ T ° 43)

s0 an estimate for the residence time in the channnel is

AL mL2
{t) ~ D" ‘\,‘,’c';T 44

uniformly in the friction coefficient 7. Of course the particle really starts out in the
Klein-Kramers-Fokker-Planck boundary layer and so Eq. (43) is not really precise,
but the argument is compelling. The point is that in the high friction limit, even if
the particle starts nearly at the boundary, the timescale of the motion is slowed down
so much that it ends up taking a finite time to exit again.




These observations suggest that it will be essential to take particle inertia into
account to full treat the channel diffusion problem. The situation is even more
complicated, though, because one is then faced with the problem of defining the
concentration boundary conditions in the phase space picture, and this is not an easy
task.

Consider the problem of a channel of length L extending fromx =0 to x = L
with reservoirs extending from x = — to x = 0 on the left, and from x = L to x = 4o
on the right. It is tempting to say that the reserviors consist of particles in thermal
equilibrium at the stated concentrations, but this is not a well posed problem in
phase space. At the boundaries between the channel and the reservoirs we are not
allowed to specify the distributions of particle momenta of particles exiting the
channel; those distributions must be computed from the solution to the full problem.
There will be boundary layers, similar to those described in section 2, on both sides
of the boundaries, in the channel and in the reservoirs.

The best one might hope for, then, is to impose thermal equilibrium
distributions at the given concentrations asymptotically as x — #co. But even in one
dimension this obscures where the boundary between the reservoir and the channel is
(in the absence of energy barriers at the borders of the channel), and we might guess
that this will also bring up the issue of the existence of a steady state at all. That is,
for the one-dimensional problem in the simple diffusion picture, if we impose
asymptotic boundary conditions p — C,,, and p — C,, as x — oo respectively, then
we observe that the time asymptotic solution is p = (C,,+C,,)/2 with no steady state
particle flux (even for finite 7). The ever-increasing "depletion zone" in the
reservoirs render this steady state trivial. These considerations suggest that we must
consider a more realistic geometry to describe the problem. A

If the simple one-dimensional version of the problem appears to breakdown, then
it is natural to attempt a two-dimensional formulation. It makes sense that there
must be some geometric structure to define the border between reservoir and channel,
and in two-dimensions this may be achieved by considering the left hand reservior as
extending throughout the half-space (~eo < x < 0, —0 < y < o), the channel of width
w as the region (0 < x < L, 0 < y < w), and the right reservoir as the half-space (L <
X <oo,—e0 < y < oo). In what is perhaps the simplest formulation of the problem,
reflecting boundary conditions may be imposed on all "rigid" boundaries defining the
geometry of the domain, and the appropriate equilibrium distributions may be
imposed far from the channel openings. However, this formulation in two-
dimensions presents the same problem of the constantly growing depletion zone as
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the one-dimensional case. This may be inferred by considering the high friction limit
due to the logarithmic behavior of the Green function for the Laplacian in two-
dimensions (the same problem arises with an absorbing disk in two-dimensions, i.e.,
the classical Smolukowski problem, where just as in one-dimension, the depletion
zone around an absorber grows forever). The three dimensional version of the
problem holds more promise, because we expect the depletion zone to saturate and
reach a steady state in that case. Hence it appears that the full three dimensional
version of the problem must be considered! In applications to biological channels
there may be additional modeling complications due to the channel opening and
closing stochastically, surface diffusion, and channel migration [12]. All these
effects can be expected to complicate the analysis further, but it remains an unsolved
problem to uncover the behavior of the simple system described here.

4 Conclusion

Although the twentieth century has witnessed tremendous progress in the theory of
stochastic processes and Brownian motion, fundamental unsolved problems remain as
challenges for the twenty first century. As new experimental methods are developed,
and as new applications arise, we can expect the theory of diffusion to continue to
play a central role in our understanding of many fundamental physical, chemical and
biological processes. In particular the problem of diffusion and current fluctuations
through a channel connecting reservoirs at fixed particle concentrations presents an
important and basic unsolved problem.
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ELECTRICAL NOISE IN SEMICONDUCTORS:
THE ROLE OF PHONONS
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The excess (1/f) noise in conductors is a resistance fluctuation. There is some
support for this noise in semiconductors to be linked with phonons, although no
specific mechanism has been proposed. The possibility of phonons causing the
noise in other systems has also been suggested, although other mechanisms seem
more appropriate in many other materials. The evidence for a possible phonon
mechanism is reviewed and experiments to aid our understanding are proposed.

1 Introduction

Excess electrical noise, that is the noise which is in addition to the well
understood thermal and shot noise, with a 1/ f spectral density occurs in many
systems. For many of these systems there are good physical models that are
generally accepted. These are usually based on processes that are specific
to that system but general principles can be stated. The basic fluctuator
consists of a two state system with a characteristic time constant. Each
fluctuator produces a spectral density with a Lorentzian spectrum with some
characteristic time. If the time constants of the members of an ensemble
of fluctuators varies exponentially with some parameter, such as energy or
distance, and there is a uniform distribution of fluctuators in this variable
then a 1/f spectrum results. Examples are thermally activated processes and
tunnelling processes for the above two example parameters. In all these cases
the fluctuator is based on some type of defect, such as a mobile atom moving
between irterstitial sites or the change in occupancy of the discrete energy
level or trap produced by a chemical or structural impurity.

In bulk semiconductors and a few other systems there is still no generally
accepted detailed mechanism for 1/f noise. In some cases authors assume
a defect model as above but in other cases the analysis is often performed
assuming that at least some of the noise is due to mobility fluctuations
produced by interaction with phonons. No specific mechanism or fundamental
fluctuator for this has been proposed. The exception is the universal quantum
1/f noise model which is predicted to be so all pervading that it produces
noise in all systems, however, its predicted magnitude is much smaller than
the observed noise so that we will not discuss it here.

Here we will review the possible role of phonons in the electrical noise
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process of bulk semiconductors and other systems where it has been invoked!—8

2  Electrical 1/f noise

It is generally accepted that the excess noise is a resistance fluctuation. The
basic equations used in the analysis of 1/f noise are

R? = R2Af~ " Nf
S_R=_TL_Q (J‘_)zi @)
R? = RAf ~ "\ yare ) NF

Sr _ E _ 1

R = RIAF T °VF (3)

where the normalised spectral density is inversely proportional to the frequency
and N, the total number of carriers in the sample. Let us first consider Eq.1
which is simply one way of relating the noise to the sample properties. The
intensity parameter apeqs Was originally considered a constant for all systems
but now it is taken as a measure of the strength of the noise in any one system.
The implication of this equation is that each carrier is subject independently to
fluctuations. There is no general justification for this. Since Qmeas is no longer
a universal constant, N can be replaced by nV the carrier density and volume.
Then a new strength parameter o (equal to ameqs /n in the above but not
necessarily dependent on n) can be made as in Eq.3. The noise then varies as
the (volume)~! which would be appropriate if there were a uniform distribution
of independent noise sources throughout the volume. In bulk semiconductors it
is not easy to separate these two possibilities experimentally. In systems such
as the silicon MOS transistor it is clear that the noise varies as (surface area)—!
and the number of traps in the surface of the oxide above the inversion layer so
that a different formulation using area rather than volume is more appropriate.

The conductance depends on the product, pn, of the mobility and the
carrier number density. There has been considerable discussion about which
of these quantities fluctuates. Whereas n can change by trapping, which
immobilises the carrier with no change to the electric field pattern, the meaning
of mobility fluctuations is less clear since mobility is a quantity which represents
the average drift velocity of all the charges. Note that in some semiconductors
the carriers are in valleys which have very different properties and are very
anisotropic. Can we distinguish between a carrier immobilised at a trap for a
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time and one scattered to a very low mobility state on the same or another
valley?

Let us look at two systems with well established mechanisms. In metals
there is no carrier trapping and the resistance fluctuations are due to mobility
or scattering fluctuations caused by moving defects rather than by phonons.
In MOS channels the noise is caused by the trapping of carriers and the
trapped carrier can produce local scattering by its potential so that number
and mobility fluctuations are correlated.

To determine whether the mobility or number fluctuates requires special
experiments on well characterised samples. As well as the noise in the
resistance, the noise should be measured in other quantities such as the
magnetoresistance, the Hall coefficient or thermoelectric effect which weight
the variables differently. The interpretation is not easy because of the energy
and direction dependence of the carrier properties. One effect that is very
noticeable in silicon is the piezoresistance in an extrinsic sample which is
exceptionally large because of the change of some of the fixed number of carriers
from high to low mobility valleys. This could be a good experimental system.
More definitive experiments are still needed and we will discuss these later.

The assumption that phonons are responsible for the 1/ f noise means that
only the phonon (lattice) scattering contributes to the resistance fluctuations.
The scattering due to static lattice defects is assumed to be time independent.
Matthiessen’s Rule says that in bulk, low defect concentration, samples the
carrier scattering (= inverse mobility) from different causes is additive. This
results in the extra reduction factor, (p/m,m)2 in Eq.2. In this case the
strength parameter, a4 should be a more fundamental quantity than a,eqs.
It should be noted that there are departures from the Rule, notably in samples
with small lateral dimensions where there is boundary scattering. Eq.2 could
be easily verified with a careful set of experiments using different amounts
of inert impurities which do not create electrical traps or affect the surface
condition of the sample.

There is a basic problem with Eq.2 since it states that the noise decreases
if defects are added in order to decrease the mobility (p4¢: remains constant).
This is in opposition to the well established observation that samples with
almost any type of defect show large noise3=°. To account for this Eq.2
has now been interpreted that ojae: is not just due to lattice noise but can
change its magnitude significantly if the lattice contains defects!®!! It is not
yet clear which defects are to be included into the factor o;q;: and which
into (g/piaee)®>*12. This is most unsatisfactory since now the raw data
has been thoroughly manipulated, with consequent error propagation, while
the simplicity of the original equation (Eq.1) is lost. At this point some of
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the common assumptions made in the literature about mobility fluctuations
should be pointed out. Sometimes Eq.1 is referred to as appropriate to mobility
fluctuations. In fact it is only an empirical equation that infers no mechanism,
and is often not even an appropriate equation since cp,eqs is not found to be a
constant of the system when the number of carriers is changed. Approaching
this from the other direction, if one is going to use a mobility fluctuation
assumption then Eq.1 or 2 has to be used because there is no model with a
predictive equation. Because of the extra evidence that has been accumulated
Eq.2 should probably be used.

8 Phonon properties

Phonons are the natural quantised lattice vibrations of a solid. In the low
frequency limit they are sound waves. The energy range of the normal modes
is about 1013 Hz ( 10~21J, 41meV or 480K). Because of the unit cell shape and
the form of the dispersion curve the spectrum of the allowed states (density of
states) has considerable structure. In semiconductors there can be acoustic and
optical modes. The dispersion curves of the different modes are very different.
There is considerable anisotropy in the phonon properties including the phase
and group velocity. The interaction of the phonons with electrons is also very
different for the different modes.

The occupation of the allowed states, to give the actual mode density,
is governed by Bose-Einstein statistics so that the occupation probability of
any one state is slowly varying with temperature in the normal experimental
range. We would thus expect to see any contribution to the electron noise
due to the phonons to be very variable between different semiconductors,
especially polar and non-polar, and only slowly temperature dependent near
room temperature. That is there should be a major difference in the noise
between silicon and gallium arsenide and no thermal spectroscopy is likely.
The anisotropy is not likely to be observed since resistance effects are integrals
over all states. However some models do suggest effects due to individual
sections of the phonon phase space.

4 Phonon noise

If we assume that the electrical noise is due to phonons then the fluctuation may
be in the number of active phonons or in the interaction cross-section. We have
the same dilemma as in the earlier number or mobility fluctuation argument
but with even less experimental basis. It is not easy to think of a mechanism
for slow fluctuations in the interaction cross-section. The phonon density is
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given by the density of states and the occupation probability. The latter is well
defined and has known statistical fluctuations. In the experimental region (near
the Debye temperature) all the states have significant occupancy so that for a
measurable effect there must be a significant fluctuation in the occupation of
some integrated number of states. This can be compared with the success of the
Debye spectrum which is used in the theory of specific heats which is a gross
approximation to the real density of states because the integrated quantity
is used. It should be remembered that there are energy and momentum
conservation rule requirements to be satisfied. Another problem is in the
presence of the factor 1/N in Eq.1. This implies that each carrier fluctuates
slowly independently. Each carrier has only a short life between scatterings
which bring it back to a completely different electron state. The suggestion is
that there are many independent phonon density fluctuations so that at any
time each electron state is subjected to a slowly varying scattering and hence
the ensemble mobility fluctuation varies as 1/N.1%33, This is thought to be
unreasonable? since there needs to be continuity of that scattering channel.
In fact the resolution of this problem may not be difficult since there is very
little evidence for a 1/N dependence in semiconductors and many experiments
indicate other variations!4~18

Let us now look at the spectrum, and in particular, the presence
of significant low frequency intensity. As with the basic discussion of
low- frequency resistance fluctuations it is not easy to think of a possible
phenomenon for phonons which has a very wide range of time. constants
extending down to very low frequencies. The phonons mainly concerned with
electron scattering are near 1THz where the sound transit time and damping
time are both much shorter than the observed noise periods. The phonon
mean free path is about 5nm with a relaxation time of a picosecond. Although
low frequency phonons do have long decay times, they have low density and
weak interaction with electrons and low frequency normal modes do not exist
in small samples.

In equilibrium, a phonon density fluctuation corresponds-to a temperature
fluctuation. The amplitude and time constants of these depend on thermal
diffusion through the sample and to its heat sink. These were once considered
as a cause of 1/f noise in a different context, but have been discounted in all
systems except those with very large temperature coefficient of resistance. In
order to produce a 1/f spectrum the fluctuations at different phonon energies
are often considered as independent and with different characteristic times.

The slow processes which cause resistance noise in other systems are two
level systems which change state by thermal activation or quantum mechanical
tunnelling causing number (trapping and detrapping) or scattering noise. The




32

phonon system does have similar defects. A two level or mobile lattice defect,
such as an interstitial or a mobile atom, will cause a local phonon mode and
a scattering. These will both move with the atom but not cause changes in
the number of phonons or the scattering strength because of the translational
invariance of the scattering. However, there is the possibility of interference
between two such scatterers. More important, there exist two level systems
which have resonant absorption and emission, rather like a phonon trap, which
will remove specific phonon modes for a time. Although the total number of
phonons in an equilibrium system is constant there could be relative occupation
fluctuations between modes. Thus a fluctuating longitudinal to transverse
mode conversion could cause large resistance fluctuations if the scattering were
very different between these two modes.

5 Existing models

Models take various forms. Mathematical methods are needed to produce the
basic structure of the spectrum and the magnitude of the electron phonon
system interaction. Often treated separately is the physical mechanism for the
phonon fluctuations and the details of the interaction.

Sato!® and Musha?® showed how phonon number fluctuations, due to
temperature fluctuations, could produce volume resistance fluctuations, but
they both assumed a 1/f spectrum. An attempt at generating a 1/ f spectrum
from a distribution of relaxation times has been made?! but this had no
physical basis and included many assumptions.

The most complete model of noise caused by phonon fluctuations has been
by Jindal and van der Ziel?2~2% which has been refuted by Yevick et al2%. In
this it was pointed out that there is a large isotope scattering effect in silicon
(but not all other semiconductors). The scattering of the acoustic phonons
by these lattice atoms of different mass leads to fluctuations in the phonon
numbers of different modes which have reasonable time constants. However
the phonon mean free paths which result are unreasonable. Although this
could be rationalised if there was no surface scattering, the values are much
longer than observed. _

The basic problem with such models has been illustrated by Weissman?S.
In order to obtain a range of time constants, to produce the 1/f spectrum (and
also to be physically realistic), it is necessary to assume that the scattering
(mobility) varies throughout the electron distribution. Normally the direction
dependence is ignored and only an energy dependence is assumed. Thus the
mobility at each electron energy is assumed to fluctuate independently because
it interacts with one of a set of individually fluctuating phonons. This has been
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shown to produce large and varied departures from the simple theory because
in a real material there are different eneigy dependencies of the different
quantities and processes involved. This contrasts with the general features
of the noise which are shown experimentally by many semiconductors.

6 Phonon fluctuations

If the basic source of the noise is fluctuations in the phonon density then
a direct observation of this would be useful. The observed 1/f noise in
different variables observed in quartz crystals?’, triglycine sulphate?® and
optical fibres?® can be interpreted as appearing in the loss. This parallels
nicely the observed resistance fluctuations in conductors. Direct observations
have been made of the phonon density fluctuations by Musha et. al. on quartz
and water®%3!, Observations were made of the Brillouin scattering. These
measurements are very difficult because great stability is needed to observe
frequencies below 10~3 Hz and, since noises add, there are many possible
sources of 1/f noise in experimental systems. The noise was found to scale
with the experimental volume which could be interpreted as the number of
independent modes. In the calculations there seems to be an error by a factor
of (kT'/hw), the phonon state occupancy, which is about 200. This reduces
the fractional phonon number fluctuations per mode. Since T is included
this suggests a possible more direct role of temperature fluctuations. More
experiments, using different methods, by independent workers are needed.

7 Phonon noise spectroscopy

A series of reports by Mihaila have shown peaks in the excess noise intensity
at temperatures corresponding to the energies of peaks in the density of states
of specific phonon modes. The systems reported include Cu, Ag and Si thin
films32 and discontinuous Pt films33. He has also reported noise peaks in
silicon bipolar transistors as the base current is varied34=36, These results are
surprising. The density of states has sharp peaks, the occupation probability
at, and near, room temperature is slowly varying with phonon energy and
temperature. Thus the number of excited states also has peaks. In order
to perform spectroscopy there must be a sharp energy selection process. In
electron systems this is accomplished by the sharp change in the occupation at
the Fermi energy. In a bulk semiconductor there will be phonon interactions
over a wide range of energies and angles. As the temperature rises one would
not expect to see a sudden change in the interaction and noise at the density
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of states peak since the occupation of that level only changes slowly with
temperature. :

For the thin metal films a possible mechanism is phonon assisted tunnelling
across the insulating gaps between the metal islands. It is not clear how this
could give a sharp change since the gaps will vary in width and the voltage
drops across the gaps will vary a lot in such an irregular system. In the bipolar
transistors the excess noise arises from the non- ideal, or generation current
in the base-emitter junction and this usually occurs at the surface where the
depletion layer reaches the surface. Again one can imagine some way that
phonons may assist the charge flow (for instance in a tunnelling component)
but it is not clear why it is the whole base-emitter voltage that is the relevant
quantity.

Since the effects seen are very small, it is necessary for these experiments
to be repeated by independent workers, preferably with an automated system
which can show unbiased consistency between different samples, experiments
and a decrease or increase in the experimental variable. There are also
problems in the interpretation which need to be investigated. Are bulk or
surface phonons involved? Why is it the metal and not the insulator phonon
that is involved? Why are peaks, dips and inflection points seen in the
different cases and what are the selection rules which produce large effects?
One interesting experiment, which does not seem to have been done, might be
to investigate the noise in tunnel junctions under conditions where the current
can be seen to be phonon assisted3”~%!. In practice, the noise in junctions
is normally dominated by fluctuations caused by trapping and detrapping of -
traps in the insulator.

8 Possible experiments

In assessing the experimental evidence one must be aware of the difficulty
of performing reliable measurements because almost any deficiency in the
apparatus, experimental method or quality of the specimen is known to
produce 1/f noise. This can be illustrated in many cases, but naturally few
results have been published by careful experimenters who have eliminated that
source of noise. This is especially true of impurities and defects in the samples
which are known to cause excess noise of the generation- recombination (GR)
or 1/f variety in many systems. There are well known cases of bulk defects
and surface states in semiconductors and dirt in liquids.

This point is important because mobility fluctuations due to phonon
scattering should be an intrinsic property of the system and should produce the
same effects for all samples and therefore there should be no sample-to-sample
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variation. This type of variation is a common feature of noise experimental
results, especially when the samples are from different sources and made in
different ways.

Other features that should be verified in each experiment is whether the
noise is a volume or surface effect and in fact obeys Eq.1. This is rarely
performed on each experimental system since the work involved is considerable.
The determination for semiconductors is particularly important since there are
known surface and boundary noise effects.

Weissman?® has shown that rather than just studying the magnitude
and perhaps the temperature dependence of the resistance fluctuations,
considerable information may be obtained from Hall and thermoelectric
voltage noise, the higher order statistical fluctuations of these signals and the
correlations between them.

Semiconductors are difficult materials for the study of noise since they
contain many forms of defect which are known to cause noise. It is very
well established that there is a noise contribution from the surface, both from
adsorbed chemical effects, interface states at the surface-oxide layer and in the
band bending region near the surface. The source of the noise from interface
states is familiar in silicon MOST, but there are similar effects with other
materials. A band bending at a surface or interface is always present due to
oxide charges or pinning by surface or interface states. Deep levels are known
to produce GR noise and the bent band or the continuous distribution of
surface states will ensure that some states are at the Fermi level and therefore
are active noise generators. This type of noise is well established and must
appear with a broad spectrum since there will be a spread of time-constants in
these cases. Such boundary effects have been well investigated in silicon*15
and GaAs!®1742, Number fluctuations in the bulk are less likely to generate
1/f noise because suitable levels will not coincide with the Fermi level. The
experimental results should therefore always be compared with the theory for
surface number fluctuations as well as bulk mobility fluctuations and bulk
number fluctuations. Surface effects have been shown to account for the contact
noise results originally ascribed to mobility fluctuations®3.

Because of these edge effects the extensive studies on simple bulk or
epitaxial layers is suspect. There is probably a surface noise but it cannot
be investigated without the variables provided by a more complex geometry.
Since interfacial noise has been found to be larger than depletion layer edges,
the ideal sample is a conductor completely encased in depletion regions. A
bias on the junction gives another experimental variable. A suitable sample
might be a high quality n-type layer between two p-type layers with a pattern
of gate electrodes to deplete the channel to form a Kelvin and Hall geometry,
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as is done for 2DEG quantum contact samples.

Some of the specific experiments which have been used to demonstrate
the existence of mobility fluctuations can be explained by trapping effects.
Excess noise in a diode, or bipolar transistor, exists in the generation current,
I', so that S; ~ I’?. The diffusion current varies as I ~ exp(eV/kT) and
the generation current varies as I’ ~ exp(eV/nkT) with n ~ 2 so that if
I>T, S ~I%, : ‘

The persistent current produced in AlGaAs by exciting the DX centre has
been used to change the number of carriers, N*5. Unfortunately the system
is not simple and the creation of these carriers also creates the same number
of charged centres. Simple, but reasonable assumptions could then produce a
number fluctuation with the properties observed.

The reduction in the noise as the drift velocity saturates at high fields4®
needs further investigation and deeper interpretation since the results could be
interpreted that o varies as p2, where p is here the effective mobility, and this
would agree well with the p2 ,,, variation often found!°.

9 Conclusions

There is good evidence in semiconductors, as in other systems, that the excess
noise increases as the defect density increases. Also there is a well established
mechanism for excess noise in semiconductors in the generation-recombination
noise due to the trapping/detrapping process. This is Lorentzian for a single
time constant and will be 1/f for a suitable distribution of time ‘constants.
Although there is still no complete model for such a noise mechanism it seems
likely to be the basis of the process. There seems little need or justification for
a mobility fluctuation model based on phonon fluctuations.
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SOME UNSOLVED PROBLEMS IN 1/f
CONDUCTANCE NOISE

M. B. WEISSMAN
Department of Physics, University of Illinois at Urbana-Champaign
1110 West Green Street, Urbana, Illinois 61801-3080

Abstract: A selective survey of 1/f resistance noise in a variety of materials shows
that there are diverse detailed mechanisms. The mathematics accounting for the
1/f spectral form turns out to arise in a trivial fashion from generic properties of
disorder. However, specific puzzles about the noise origens arise for many dissimilar
materials, e.g. polycrystalline Bi films, spin-density waves in Cr, spin-glasses,
amorphous metals, and even crystalline Cu with defects. Two themes emerge for
future study- collective dynamics versus local effects in disordered systems, and the
connection between local effects and measured properties in materials with strong
local conductivity inhomogeneity.

The origins of 1/f noise in conducting materials provide one of the most
notorious problems in condensed matter physics. In this paper I shall try to
sort out which aspects of the problem are solved and which remain unsolved.
The general theme will be that the spectral form is so easy to produce by
a variety of mechanisms, that it provides little guidance in unraveling the
particular question of the noise origin in a given material.

We shall present an argument for the ubiquity of 1/f noise that makes no
reference to non-equilibrium dynamics. This approach will come as something
of a surprise to those who seek an explanation for 1/f noise in general properties
of driven dynamical systems’.

The essential experimental evidence for the irrelevance of dynamical sys-
tems has been described previously?. In most resistors, the apparent fluctu-
ations in R are independent of whether R is measured using a dc current, a
pulse train, or ac currents, and also independent of the current amplitude for
small currents. In some cases, it has been possible to use fluctuations in the
Johnson noise to show that the 1/f resistance noise is present in the absence of
any applied current. We may add another obvious point: dynamical systems
which exhibit scaling can be constructed with all sorts of scaling exponents,
with no special preference for f_;3. The very fact that the noise exponent in
condensed matter clusters around -1 should strongly suggest that algebraic dy-
namical scaling laws are not the key. Of course, when noise with very different
exponents (e.g. Barkhausen noise)? turns up, the argument may be turned
around to imply that non-equilibrium explanations are likely suspects (as is
obviously true anyway for Barkhausen noise).




The essential argument for why condensed matter is full of 1/f noise is as
follows®®. The rates of the low- frequency noise processes are typically in the
neighborhood of 1 Hz to 100 kHz. Such frequencies are very low compared
with the typical microscopic frequencies (e.g. Arrhenius attempt rates) in con-
densed matter, which are usually greater than 10'2 Hz. Thus there is some
big factor, ordinarily an exponential, giving the ratio of the relaxation time
to the microscopic times. These exponential factors can either be the Arrhe-
nius factors of thermally activated processes or the exponentials of tunneling
processes?. In either case, if the parameters in the exponents (barrier heights,
effective masses, tunneling distances) have some distribution of values, due to
disorder, a distribution of characteristic rates will be found.

The way in which such distributions add up to give 1/f noise is illustrated
in Figure 1, which shows spectra from a collection of small resistors on a silicon
wafer. Although each spectrum is distinct (and not 1/f) because it comes from
a small number of traps, each with a particular characteristic time, the average
is close to 1/f.

Will those distributions give 1/f noise? The distribution of characteristic
rates or frequencies, r(f.), is simply related to the distribution of exponential
parameters, say activation energies E 4, by p(f;) df. = p (E4) dE4. Therefore
p(fc) = p (Ea) dE4/df.. Because E4 depends logarithmically on f,, dE 4 /df,
= constant/f,. Therefore p (f.) = (a function of log (f.))/f.. So long as
the distribution p(EA) is algebraic, the corrections to the 1/f form will be
logarithmic in f.. Thus, in the presence of disorder one expects low frequency
noise to be of the 1/f form with log corrections, although if one looks in regions
corresponding to exponential or Gaussian tails of the distribution, other power
laws can be found. '

Since explanations of the above type involve quasi-equilibrium noise, it has
been awkward that examples of conductance noise demonstrably obeying the
fluctuation- dissipation theorem have not been available. The main excuse has
been that the variety of properties at local fluctuating sites precludes finding
a suitable parameter to use in the dissipation experiment. Recently, the 1/f
noise in giant-magnetoresistive materials has provided a nice example in which
the magnetic field is a suitable perturbation parameter. In the large regime in
which the fluctuating magnetization is the biggest noise source, comparison of
the 1/f noise and the out-of-phase response of R to ac magnetic fields can be
made via the fluctuation dissipation relation with no adjustable parameters.
The agreement is very good, despite the fact that both the noise and the out-
of-phase response show large hysteresis as the magnetic field is changed. (See
Figure 2.) Thus one does not need true equilibrium, only quasi-equilibrium
on the relevant time scale, for an equilibrium picture to work?. The unsolved
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Figure 1: Spectral densities (integrated over octaves, so that 1/f noise gives a horizontal line)

are shown for a series of nominally identical mm-scale resistors from a silicon-on-saphhire

wafer. The dotted line is the average, much closer to 1/f 4%, The vertical scale has been ex-

panded more than a factor of four compared to the horizontal scale, to magnify the remaining
deviations.
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Figure 2: A comparison between the standard 1/f noise parameter a (defined as the mean-
square fractional resistance fluctuatiions over a factor of e in frequency, multiplied by the
number of atoms in the sample) and the out-of-phase ac magnetoresistivity of a Co-Cu
giant magnetoresistive multilayer. The normalization of the out-of-phase response gives a
predicted a based on the fluctuation-dissipation relation, with no adjustable parameters?.
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problem of the origin of 1/f noise then splits into many little unsolved problems:
what things are actually present in different materials to give the spread of
relaxation rates? Within this collection of problems, new broad themes emerge:
does the 1/f noise come from a simple sum over many separate sites, each in a
fixed, disordered environment, or does it result from collective modes of some
complicated, interacting physics? We shall see that this broad question has no
general answer, but only specific answers for individual systems.

Although there are few cases in which a first-principles explanation of
observed 1/f noise is available, we will discuss a few of the many cases in
which the detailed ingredients of the noise have at least been characterized.
(A better-known case8 is provided by the noise in oxide layers on Si, for which
technology has driven more detailed materials-oriented studies.) Because 1 /£
noise is measurable in very small samples, it provides a useful tool for probing
slow dynamics in disordered systems. In small samples, even though many
models can give the same average spectrum, the statistical details of the noise
can be extremely sensitive to the form of the model.

A few examples will illustrate the main points. Antiferromagnetic Cr,
crystalline Cu, polycrystalline Bi, spin-glasses, amorphous metals at low tem-
perature, and hydrogenated amorphous Si (a-Si:H) provide good illustrations
of what is known and what remains to be found out.

Good crystals of Cr provide one of the better examples of why universal
theories of 1/f noise don’t work. Above the Neel temperature, some 1 /f noise
of unknown origin is found. Since the magnitude of this noise grows as the
crystal quality is lowered®1?, it is a safe guess that in some way or other it
comes from defect motions, like typical 1/f noise in metals®5®. On lowering
the temperature a few degrees, the noise power increases almost three orders of
magnitude, without changing its 1/f form®=11. (See Figure 3.) Measurements
of the tensor symmetry of the noise® and of the very large individual fluctua-
tions of which it consists indicate!® that in this regime thermal switching of the
g-vector of domains of the spin-density-wave order between allowed crystal ori-
entations provides the main noise source in this regime. (See Figure 4.) Just
why the g-order breaks up into domains isn’t understood, although it must
have something to do with a combination of disorder and strain constraints. If
the temperature is then lowered another few tens of K, the noise spectral den-
sity does not change dramatically. However, a check of the tensor symmetry
properties, and of the individual domain noise in small samples, shows that
the g-vector fluctuations have frozen out, and that fluctuations. of domains
of the polarization planes of the spin-density wave now dominate, just as in
the acoustic attenuation!?. The formation of these domains is more puzzling
than the g-domains, because even in free single crystals neutron scattering
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Figure 3: The noise parameter a vs T for several Cr alloy films, all epitaxial except the

lower-quality film represented by filled circles. The dependence of the noise onset tracks the

transition into the incommensurate spin-density wave phase, with the paramagnetic phase

and the commensurate phase relatively quiet!4. Noise in the paramagnetic phase increases
with increasing defect scattering!?.
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Figure 4: The resistance switching in a Cr epitaxial film is shown just below the Neel
temperature. These large switches, reproducible after cycling to the paramagnetic phase,
come from q-domains of the spin-density wave!®.

shows that such domains spontaneously form even after the polarization has
been aligned with a field, once the field is removed!3. The thermodynamics
of this spontaneous break-up don’t make sense unless some residual material
disorder is invoked. Experiments on doped material show that the incom-
mensurability of the SDW and the lattice plays a key role!®, (see Figure 3
again.} but no theoretical understanding of how disorder and incommensura-
bility determine the domain dynamics is available. One of the most intriguing
results arises in the 1/f noise of a nominally simple system- single crystal Cu
nanobridges!5~17. It had long been suspected that defect motions were respon-
sible for most 1/f noise in metals. The experiments of Ralls et al showed that
this was indeed the case, with a variety of different types of defects involved.
These include pointlike defects which can diffuse through the sample as well as
larger defects. The mystery arises in the temperature dependence of the noise
statistics. Below about 150 K, the noise could be decomposed into the sum
of several random-telegraph-like components. At higher T, even though the
average spectrum was essentially unchanged, these components “melted” into
some pattern which continually changed over time!®~17. How is this glass-like
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melting-freezing to be understood? What are the stable modes in the low-T
frozen state? What are the connections between interacting defects and spin-
glass Hamiltonians? Do ordinary metals have some sort of defect glass state,
and if so what detrmines the glass melting temperature?

Polycrystalline Bi films provide a different sort of puzzle. In Bi, there is
a large, reproducible peak in the 1/f noise near room temperature, so long
as the films are sufficiently annealed to give large crystalline domains, and so
long as the surface-to-volume ratio is small?2. The noise has distinctive ten-
sor symmetry (nearly traceless) corrsponding to rotations in a high-symmetry
environment8. The dependences of the noise amplitude on sample properties,
the narrow distribution of frequencies, and the symmetry all point toward the
same conclusion: the noise comes from the good crystalline regions, quite un-
like typical defect noise in metals. Although the phenomenon has been known
for many years, no one knows the explanation. Does Bi have some special
defect, whose concentration is highly reproducible? Is there some more exotic
source, related to weak symmetry-breaking effects such as found in Cr?

In spin-glasses, both the magnetization itself and (in conductors) the con-
ductance are found to show 1/f noise!®~21. The famous universal conductance
fluctuation effect???3 provides the main mechanism by which the conductance
noise comes from the same slow spin fluctuations which give the magnetiza-
tion noise. The magnetization noise fits the fluctuation-dissipation theorem,
even when the spin-glass is not in long-term thermal equilibrium!%2°. How-
ever, spin-glass theories remain highly speculative, so that the basic physical
picture of the spin fluctuations is not established?*=2%. At two limits of the
possible descriptions are the droplet picture?” and a hierarchical picture, re-
lated to the Parisi solution of an infinite-range model?®. The simplest droplet
picture envisions the low frequency dynamics as coming from distinct compact
spin droplets which are thermally allowed to turn over, and for which a natural
range of sizes translates to the distribution of characteristic rates. Hierarchical
descriptions assume that on some length scale the sets of spins which flip are
highly diffuse and mutually overlapping, with some special statistical features
describing those overlaps. The set of metastable spin configurations form an
ultrametric space, where the metric is given by the fraction of the spins that are
different. This metric also corresponds roughly to the log of the time required
to go from one configuration to another. Various properties of the dynamics
on such hierarchical spaces have been worked out??.

The noise in these dissimilar descriptions is expected to be of a 1/f form
for the usual reason. It would be misleading to say that the origins of the spin
noise are known since one cannot even distinguish between such qualitatively
distinct pictures.
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Our recent experiments on small samples of the spin-glasses CuMn30-31

and AuFe 32 showed that no universal description will work to describe the
spin fluctuations even in conducting spin-glasses with oscillatory spin-spin in-
teractions. In CuMn, nothing like persistent two-state droplets showed up;
instead we found complicated multi-state fluctuators. (See Figure 5.) In AuFe,
however, droplet-like fluctuators, switching repeatedly between two spin states
even as the temperature or magnetic field was changed, were a major part of
the noise. (See Figure 6.) Especially in CuMn, the scaling of higher moments
of the noise disagreed with droplet pictures and fit expectations for a hierarchy,
indicating that the fluctuators must be diffuse. A very convenient measure of
htese non-Gaussian effects is provided by the “second spectrum”, Sa(fs2,f) the
spectrum of the fluctuations at frequency f; in noise power measured in a band
around frequency f. (See Figure 7.) An actual physical picture of what sort of
spin collections fluctuate coherently, what sort of spin states they fluctuate be-
tween, how they interact with each other, etc. remains undetermined for both
materials. A particular open question concerns the role of the local anisotropy
seen by the spins (very different in magnitude for these two materials) in deter-
mining the global noise statistics. Genuinely amorphous materials have long
been known to have low temperature excitations with a broad distribution
of slow relaxation rates®3. The microstructure of these excitations, and the
reason for an approximate universality of their (properly normalized) density
in a variety of materials are not known34. This same phenomenon shows up
as low-temperature 1/f noise in amorphous conductors, allowing experiments
to be made on samples so small as to isolate a few of the fluctuating sites®.
In several materials such as amorphous co-sputtered Si-Au, these sites are,
as had been hypothesized, approximately two-state or few- state systems3®.
(See Figure 8.) Their kinetics are governed either by thermal activation or by
tunneling, depending on T; either way of course gives 1/f for the average spec-
trum. Their interactions, determined from the slow fluctuations in the spectral
shape, appear stronger than would be expected for strain interactions among
randomly located defects- most sites show clear signs of interacting enough
with other sites to exhibit slow fluctuations in their spectral density. (See Fig-
ure 9.) The detailed pattern of sites changes after the sample is heated up to
temperatures (e.g. 60 K) far too low to show gross annealing. Do the inter-
actions among sites leave many different ways in which the collective system
can freeze? What determines what floppy sites remain at low-T? What are
the connections between the “universal” properties of low-temperature excita-
tions in glasses and the analagous effects at higher T is defctive Cu? Because
noise experiments can view individual sites as well as average properties, they
have a better chance of answering such questions than do standard thermal
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Figure 5: An example of 6R(t) for a small (under 10® atoms) CuMn sample in the spin-glass
phase. Although the noise is non-Gaussian, discrete random telegraph events are hard to
find and not persistentd4.
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magnetic field is similar to that expected for spin-glass droplets32.
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Figure 6: An example §R(t) for a small (under 10° atoms) AuFe sample in the spin-glass
phase, at 4.7 K. The noise is dominated by discrete random telegraphs, whose sensitivity to
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sample on repeated thermal cycles; the lower curves give non-Gaussian second spectra f3S,

(f2,f1) in units of fractional variance. fi is the ordinary first-spectral frequency. The scaling

properties of these plots (independence of f1 for fixed f2/f;) are consistent with hierarchical

pictures but not droplet pictures. The magnitude and shape of the second spectrum gives a
great deal of other information on the dynamical pattern3®.
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Figure 8: A typical §R(t) for a small (under 108 atoms) sample of amorphous cosputtered

C-Cu at 4.3 K. Each sweep represents 500 data samples with a sampling time of 1.3 ms.

The steps are from fractional resistance changes of about 0.3 percent. The random-telegraph
signal shows that a two- state picture is approximately right33,
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shown for a C-Cu sample at 5.3 K. The octave number refers to which first-spectrum octave
is used, e.g. octave 9 here is from 106 Hz to 213 Hz. Part b shows the data from octave
9 with the (mainly Gaussian) white component subtracted. The low-fa contributions show
that the nominal two-state system must in fact couple to other slow degrees of freedom33,




measurements.

The 1/f noise in these amorphous metals does not go away at room-
temperature. In fact, the noise becomes non- Gaussian even in samples for
which it is Gaussian between 100 K -200 K. The question again comes up:
what sort of collective motions are involved? How general is this phenomenon
in amorphous conductors?

Hydrogenated amorphous silicon (a-Si:H) has been found®*~3® to have
huge 1/f noise that is very non-Gaussian even in large samples, e.g. 10% mm3.
Big conductance steps were often found. The noise is, in detail, non-linear
in the applied field, suggesting that motions of charged H+ are involved,
since uncharged objects would not be sensitive to the applied field. The non-
Gaussianity requires highly inhomogeneous current paths and/or big blobs of
hydrogen moving collectively, which would no doubt be accompanied by highly
inhomogeneous current anyway. Interesting fluctuations in the detailed spec-
tral shape (random telegraphs come and go) are found3?, and these turn out
also to show up in simulations of noise in percolating networks. (The reason
is obvious: a path on which one object is fluctuating can be shut down by
a sloer fluctuation of another object on the same path, so long as the local
fluctuations are large.)

Several questions come up right away: If the local conductances among
neighboring sites are sufficiently spread out, will highly inhomogeneous perco-
lation like conductance result eéven if the sample is overall homogeneous? What
actually are the local objects which fluctuate- can they be single H+ near the
high-current links, or are there really H blobs? Here, solving the 1/f noise
questions would also mean understanding the conduction mechanism better.

A related problem has come up in a quite distinct material. In partially
annealed, still somewhat disordered, large samples of a manganate “colos-
sal magnetoresistance” material, giant conductance steps appear??. Here, no
large H blobs can be invoked. However, there must still be large local inho-
mogeneities in the conductivity, related to the magnetoresistance itself. In
fact, the non-Gaussian effects can be turned off by applying a sufficiently large
magnetic field at low temperature, aligning most of the magnetic domains and
making the conductivity more homogeneous.

Is this non-Gaussianity also due to inhomogeneous current paths, and
should it be expected as a general feature in variable-range hopping prob-
lems, since these are known?! to give percolation-like paths? Work on noise in
such highly disordered conductors has begun*2, but most of the detailed pre-
dictions needed to understand non- Gaussian effects have not yet been made.
Simulations of noise in variable-range hopping are harder than the equivalent
simulations in discrete percolation problems, but might turn out to have wider
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physical relevance.

We have seen that a general theme (collective vs. individual dynamics)
emerges when searching for the origins of 1/f noises. Also, in strongly dis-
ordered conductors (i.e. with big ranges of local conduct1v1ty), the relation
between the local fluctuations and the measured macroscopic fluctuations has
not been fully worked out. However, these themes are not very relevant to the
question of “Why 1/£?”, which has a very simple answer: dIn(f)/df = 1/f.
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DEFECTS AND THE An—Ap CONTROVERSY IN SEMICONDUCTOR 1/£
NOISE

F.N. HOOGE
Department of Electrical Engineering
Eindhoven University of Technology
5600 MB Eindhoven, The Netherlands

We shall discuss the role defects play in the generation of 1/ noise in homogeneous semiconductors.
Three models of 1/ noise are reviewed.

1 Stating the problem

Damaging the crystal lattice of semiconductors strongly enhances the 1/f noise.
This is a well established experimental fact. The experimental fact leads to the
following problem: Is all 1/f noise caused by defects? Or do defects create
additional 1/f noise on top of the “normal” 1/f noise, which is always found, even in
perfect crystals?

I shall discuss the problem from the perspective of three noise groups, Eindhoven,
Kiev and St. Petersburg. I am well aware that at this conference it is forbidden to
present solutions. Nevertheless, as long as I am discussing one model I shall try to
prove its correctness. Although each of the models, on its own, looks correct, the
three solutions exclude and contradict each other. I can demonstrate the correctness
of each model, but I cannot reconcile the three models. That is the real problem.

I shall not discuss each model in its historical development but as we understand it
now. I shall give the most decisive experimental evidence that we have after all
these years of research. Finally, I shall mention experimental facts that seriously
are at variance with the model.

It is convenient to express the conductance noise of homogeneous samples as the
quantity o, defined by the relation
S, «a

R—’;=—fﬁ M

where N is the total number of free carriers '. Relation (1) makes it easy to compare
the experimentally determined noise from different samples, and to compare the
predictions of a theoretical model with experimental results. By using (1) one does
not say anything about the origin of the noise. In particular, one has not confessed
to which faith one adheres: mobility fluctuations or number fluctuations.
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I cannot fully discuss the problem of mobility versus number noise in all its aspects.
I shall restrict myself to the influence of defects on noise. I shall use the
experimentally well established influence as an argument in the discussion on the
nature of the 1/f noise. This will prove a very efficient way of generating unsolved
problems.

2 The Eindhoven model

The Eindhoven model is the simplest one regarding the role of defects. The defects
play no role at all. It explains the “normal” 1/f noise, which is found even in the
best crystals 2. There is one hypothesis to start with.

Hyp: The number of phonons, ¢, in a mode of the lattice vibrations fluctuates with

a 1/f spectrum.

1 When particles are scattered by a mode the scattering cross section fluctuates
with a 1/f spectrum. This holds true for electrons (mobility noise) and for
photons (Musha’s optical experiments ).

2 For each mechanism that scatters electrons, we define o;, analogously to (1)

S o
2
Hi

a;

N

2

where S 1 / ,u,g is proportional to S¢i / Zp'iz, which is proportional to

exp(B;/T )
3. When there are several scattering mechanisms, Matthiessen’s rule
1 1
—= ) — €
Hy —d [L;
7
leads to

2
Oy = Z(&) Q; (C))
H;

7
where the index X indicates the result of all processes, like in the total mobility
pz and in the overall o, as defined in (1).
o; may be zero; for example for impurity- or for surface scattering where no
modi are involved. oy can be further decomposed in terms of acoustic
deformation (ad) and polar optical (po) vibrations.




2
Qg = (—E—ZJ 2 9% Bt —’u~2 apo &)
Had Hpo

4. Values of oy, are usually found experimentally in the range 10* t0 107.

This straightforward presentation, starting from one single hypothesis, differs from
the way in which our ideas developed over the years. Some people may find the
historical development confusing, but the final result is simple.

Relation (4) predicts that oy is proportional to ,u% for a series of samples with

different doping levels and, therefore, with different contributions of impurity
scattering, There is ample experimental evidence for the correctness of relation (4)
12 Ag an example, Fig. 1 shows log o versus log for InP at 77 K, recently
published by Chen and Leys 4 In the case of number fluctuations the experimental
points should follow a horizontal line.

Since the source of the electrical 1/f noise is the 1/f noise in ¢, the number of
phonons per mode, there seems to be no role for defects to play. Nevertheless, we
are well aware of the experimental fact that defects increase the noise considerably.
Not only do we accept the experimental evidence from other groups, our own work
on irradiated semiconductors confirms that defects increase the 1/f noise 36,
Therefore we suggest that defects create additional 1/f noise on top of the “normal”
mobility noise expressed by Oan.
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Fig. 1. agversus ys at 77 K InP samples with Fig. 2. a versus t, dfter Lukyanchikova’. Resistors
different doping. Measurements by Chen and devices of different materials.
and Leys".




The 1/f fluctuations in the energy of a lattice mode could be the result of a
special type of coupling between the modes. This special coupling is the foundation
for purely mechanical models and computer simulations of lattice vibrations.
Defects may play a role in the coupling of modes that are assumed to be
independent harmonic oscillators in a perfect crystal only.

3 The Kiev model

Lukyanchikova collected a-values from her own work and from literature *®. She
considered resistors and simple devices, where a characteristic time t for
generation-recombination processes could be found. This provided ample support
for the empirical relation she proposed

a=pt ©6)

with B =300 s™. The g-r processes could be either in the bulk or at the surface. In
the latter situation < is the time the carriers need to diffuse to the surface.

See Fig. 2. Relation (6) should not be applied to very thin resistors of good
semiconductor material. In such samples the surface only acts as a scatterer, not as
a recombination centre’. If we leave out such samples from Lukyanchikova’s
survey, no harm is done to the basic idea that g-r processes strongly influence the
I/f noise. The processes that connect the two types of noise are unknown. Only
some vague suggestions have been made. On might think of slow processes in the
lattice or of slowly diffusing defects.

What are the consequences for the present discussion on the role of defects ?
Introduction of defects enhances the g-r processes. Either the defects themselves are
the relevant g-r centres; their T then appears in relation (6). Or they influence the ©
by influencing the kinetics of the g-r centres already present.

Anyway, the defects determine the o value. This cannot be a straightforward
relation, since naive reasoning leads to: more defects give more transitions with
lower © and hence lower o according to relation (6). This is not in agreement with
general experience where more defects give rise to more noise. A recent
publication’® on poly-silicon confirms that there is a relation between o and .
However, the experimental relation is not in agreement with relation (6).

Itis o oc T with 0:5 <n < 25,
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4 The St. Petersburg model

The St. Petersburg group, D'yakonova, Levinshtein and Rumyantsev studied 1/f
noise mainly in GaAs. They summarized their work in an extensive review paper"’.
The 1/f noise is explained as g-r noise from states in an exponential tail connected
to the conduction band. See Fig. 3. The exponential shape is required for obtaining
a Uf spectrum. The tail states are due to defects. It is not theoretically explained
how the defects create a tail that is exponential. But abundant experimental
evidence is presented for the existence of the tail states:

1. The noise does not depend monotonically on illumination intensity.

2. The tail explains persistant photoconductivity with a long relaxation time.

3. The tail relates the noise quantitatively to damage.

One could oppose that since the defects are essential, the model would predict that
there is no 1/f noise in perfect semiconductors. The normal value of a, about 107,
requires 10" states in the tail. The authors consider this to be a low concentration
of defects that will always be present.

According to the St. Petersburg model, 1/f noise is a fluctuation in the number
of free carriers due to g-r noise from states created by defects. This model cannot be
reconciled with the idea of mobility noise. It has been demonstrated experimentally
that 1/f noise in fairly good material is mobility noise with oyan ~ 10™. The same o-
values have been found in the best materials we can grow.

o=1.9%x10'2(H*/cm?)

: uo1ai0thea’?
s uge2eiatbea’?
a0t
: W o3u10'0a

Lan e o

density of states /

o = s »

T
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uy C cuIIV- )

s il Ak A b A

10
E 10? 10* 10°
Fig. 3. Conduction band with exponential Fig. 4. aversus u, measured at 77 K. GaAs samples
tail according to the St. Petersburg model''. with different original doping, irradiated with the

same proton dose"".
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5 Discussion

How strongly the three models conflict can best be illustrated by the following
table.

Group An? Ap? Model Role of defects
Eindhoven Ap fluctuation of cross- No direct role.
sections of lattice modes | (coupling of modes ?)

Kiev An (?) |related to normal g-r ?

1 noise oo = Pt
St. An g-r noise from states in defects create tail
Petersburg tail of conduction band

As promised, I shall not come up with a solution. But I think I am permitted to

make two suggestions that may help to find a solution.

1. The 1/f noise in disordered metal layers is adequately described by models like
the local interference model (LI), universal conductance fluctuation model
(UCF), and two-level systems (TLS) > Perhaps, a theoretician should tell us
how many defects are required to make such models applicable to perfect
epitaxial layers of semiconductors.

2. Experimentalists should investigate whether the 1/f noise induced by defects is
of the An or Ap type.

There already is an example of such an experiment. Lin Ren ' of the Eindhoven
group induced 1/f noise by proton irradiation of GaAs. The induced noise was
proportional to the radiation dose. He investigated a series of GaAs samples with
different original impurity contents, and hence different contributions of impurity
scattering. All samples were irradiated with the same proton dose.

Fig. 4 shows log a versus log p, plotted analogously to Fig. 1. Lin Ren’s induced
1/f noise looks very much like mobility noise. What about Ukrainian and Russian
1/f noise ?
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ON 1/f NOISE AND FREQUENCY INDEPENDENT LOSS TANGENT

T.G.M. KLEINPENNING
Department of Electrical Engineering,
Eindhoven University of Technology,
Eindhoven, The Netherlands

A new model has been proposed, which relates the 1/f noise in semiconductors to the frequency independent

loss tangent in dielectrics. It is demonstrated that this model can explain the Hooge relation. The model
supports the opinion that 14 noise is caused by mobility fluctuations.

1 Imtroduction
The open-circuit voltage noise Sy of a capacitor with a dielectric is given by

4KTR  _ 4kTe"l(¢aC) _4kTtans

Sy = 4kTRe(Z) = = ~
1+02R2CY 1+ (e"')? aC

¢y

Here £” and £” are the real and imaginary part of the dielectric constant €, =¢” - j&”.
The loss tangent is defined by tan & = £”/¢’, the capacitance is C = £’g,A/L, and the
resistance R = L/wz” g, A with L the length and A the cross-section of the capacitor.
In many dielectrics the loss tangent is usually found to be almost frequency-
independent and much smaller than one!, hence according to Eq. (1) the voltage
noise Sy is inversely proportional to the frequency, just like 1/f noise. Now we can
ask ourselves whether there is a relation between 1/f noise and loss tangent in
materials. In this paper we try to relate 1/f noise and constant loss tangent. More
specified, we try to relate Hooge’s parameter o with the loss tangent 5.

2 Qutline of the model

The electric charge density -p(f)of an atom, built up of nuclear and electronic
charge, can fluctuate. On the condition that the total charge is constant we have

Ap(F,t) = p(t,t) - <p(F,t)> and [Ap(#,t)dt=0. ¥

These fluctuations lead to a fluctuating electric dipole. If we put such an atom in
between two parallel metal electrodes, then we observe voltage fluctuations across
the electrodes. On the other hand we find the cross-section for electron scattering
by such an atom to fluctuate.

A dielectric in between two metal electrodes shows voltage fluctuations according
to Eq. (1). A free electron, moving in such a dielectric, will be scattered by the
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electric field fluctuations due to A p(%,t) . These fluctuations lead to fluctuations in

the electron mobility with spectral density S,. Now the question arises: “What is the
relation between S,, on the one side and Sy = 4kTRe(Z) on the other side 7”.

3 Theoretical approach
3.1. Atomic scattering of electrons

The scattering of electrons by an atom is represented by the scattering amplitude2

£(0)=f(¥X, B = %;“il BTy K Tar = ——Z—K—pr(?)eiz'?d 7, 3)

a.q
where m is the electron mass, h is Planck’s constant, ¢(f) the electrostatic
potential of the atom, K and X the wave vectors of the incident and scattered
electron, —K> =k-r ,and a, = hzso/ﬂ:qzm the Bohr radius, with q the elementary

charge and €, the permittivity of vaccum. Taking the nucleus at ¥ = 0, we obtain

27 1 ¢ e, iRT 2Z :
£(8)= 14— a7 |[=—=N1-FK)] , 4
) a0K2[+qup (T)e ] o 1~ Fx)) Q)

where Z is the atomic number, 6 the scattering angle, p°(f) the electronic charge
density, and F(K) the atomic scattering factor with F(0) = 1. For the nuclear charge

density the integral at the r.h.s. of Eq. (3) leads to Zq. Fluctuations A p°(T) lead to
fluctuations in f(8) and thus to fluctuations in the differential cross-section ¢(6) =
(6)f*(8). The asterisk denotes the complex conjugate. We have

Ac( 6) = f(B)A¥(0) + PH(B)A(B) , 5)
with
Af(B) = (2/a,gK?) | Ap° (e’ TdT. (6)
Assuming a sphere symmetrical charge distribution, then we have®

F(K) = (-4n/ZgK) (I’ rp°(sin(Kr)dr . O

With the help of Egs. (4,5,6) we find the fluctuations Ac(8) to be
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8Z[1-F(K)]
a’K*

Ac(0) = | Ap® (7 cos(K.)dF . )

At room temperature the wave vector k of thermal electrons is of the order of
2nmvg/h ~ 10° m™. The atomic radius a is of the order of 10™® m. Therefore we
make the approximations

Kr<<1, sinKr)~Kr- (K0)¥6, and cos(K.7) ~1- K D¥2. (9
With Eqs. (7,9) and the relation | 4n’p°(r)dr = - Zq we find

1-F(K) ~ (-K%6qZ) | 4mr’p°(r)dr ~ K2a/6 . 10)

Combining Eqs. (8-10) and using the relation | Ap°(¥ )d ¥ = 0 we obtain
2

._)
273 K¢
Ac(0) ~ JApe () =—| dt. 11
®) g po(1) X an
The fluctuations in the total cross-section are given by
2w
Ac= | [ Ac(6)sinb[1-cosbldbdyp . (12)
00

3.2 Mobility fluctuations and cross-section fluctuations

Consider a dielectric where the electronic charge density around each atom
fluctuates. The fluctuations at different atoms are assumed to be uncorrelated. A
free electron moving in this dielectric will have a scattering cross-section per atom
o, a free path A and a mobility p. Fluctuations Ac lead to fluctuations A} and Ap.
During the free path the electron passes p = A/2a atoms. A relative fluctuation Ac/c
of an atom leads to a relative fluctuation in the free path AMA = -(Ac/c)/p. Since
the fluctuations Ac of different atoms are uncorrelated, the relative spectral noise
density in the free path and in the mobility for a single electron is found to be p
times the contribution of one atom

SWA? =S/u>=p - (S/6?)p* = 2n%a\S,, (13)

where A = 1/(nc) with n is the density of atoms, n ~ 1/(2a)’.
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3.3 Loss tangent and electronic charge density fluctuations

We apply two electrodes to the dielectric. There are no free electrons. Each atom
has a dipole B

B =[p(®)tdt and Ap= [ Ap°(¥)1dT. (14)
The fluctuations A B lead to voltage fluctuations across the electrodes '

AV = Ap/(e:£,A) and Sv=(&g.A)"S, , (15)

where Apy is the component of A P perpendicular to the electrodes. If the dipoles
of the N = nAL atoms fluctuate independently and if the orientation of the dipoles

is random, then we obtain with <Ap,2>= <AB? >/3 and C = &8,A/L

Sv = N(g€.A)? Sp, = [/(3e2,0)]S, . (16)
From Eq. (14) it follows
Sp= [IS,e(® )t didT, . an
with S e(T, ') the cross-correlation spectral noise density of the fluctuations
Ap (). Combining Egs. (1,16) yields
Sp = 68,8KT tand/(mnf) . (18)
From Egs. (17,18) we observe that dielectrics with constant tand yield S e(f,T')~
1/f. Consequently we can expect a 1/f spectrum for S, (see Eqs. (11,12)).

3.4 Relation between Hooge's parameter o and tand
Putting S,l/p2 = a/f and using Eqs. (13,18), we obtain a relation between o and tand

y = al/tand = Ena}tsreokT So./ Sp- 19
z , '

Using Egs. (11,12,17) and taking n = 1/(2a)’ the factor y becomes

22
2Z%aAe,e,kT "02» 20)

3z qza:




68

where the quantity r,” is given by

2 2
Ki| Ry
JI5ISIS 2,2 | || &0.0)d7drdeds dode’

= . @D
[ISye(t,#)t-PdEd P

with g(8,0”) = sinsin6’(1-cos8)(1-cose”).

To evaluate r,°, we have to know how the fluctuations A p°(T) go on. There are
several possibilities.

According to Eq. (11) a transfer of electronic charge from the spot T to the spot - T
leads to Ac(8) = 0 and thus to y = 0. Consequently, an electric dipole, which jumps
between two opposite directions, gives no fluctuations in the cross-section o.

If the fluctuations A p°(f) are at random, then we have approximately

S o (F,1') = H(®)3(¥-1'). In this case the quantity r,? becomes

L2 HIITH@®E 7/K)* 5(6,6')d0d0' dodg'd ‘
fH® '] dt

(22)

Since the fluctuations occur at the edge of the atom r ~ a, and

2

N} sind(1- cos@)dGdp = 4r, <(ﬁ ?)4> Y <K4r4 cos* B> ~ (3/8)K**,
00

with {8 the angle between K and 7 , We expect 1, to be of the order of 67%a%. Now
we find
o = ytand ~ [4nZ°A &£, KT(a/a,)"/qJtans . (23)

Applying Eq. (3) to electrons in the conduction band of a semiconductor, we have
to replace m by m* the effective mass, and a, by a,;e;m/m*.

-

For fluctuations Ap®( T ,t), which are not uncorrelated with respect to the position ¥
and which are not caused by dipoles Jjumping between opposite directions, we
expect to have y values of the order of magnitude as given by Eq. (23).
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3.5 Numerical values for a = ptans
For Si, both n- and p-type, the value of y at room temperature is of the order of
y = 4nZ°\e,8 KT(m*a/mea,) /¢ ~ 0.1 .

Here we have used A~ 4 x 108 m and m*a/ma, = 1. For Ge we obtain y ~ 0.05. For
pure dielectrics the value of tand is often found to be in the range of 10 to 10, So
o values for Si and Ge can be expected to be in the range of 10 to 10™. Usually the
free path A is inversely proportional to the temperature, in that case y is
independent of T.

4 Factor 1/N
For a single electron moving in a dielectric we obtain S“/p2 = o/f with o = ytand.
What happens if N electrons move criss-cross through the dielectric ?

T2/, Eq. (12) leads to Ac ~ sin’p, -

For a fluctuation Ap(t1) =—Ap(f2) and I|?1

sin’B,. Here B, is the angle between k and 12. For B, = B; and B, = n-B,, we
have Ac = 0, The fluctuation Ac depends on the direction of k, the average over

all k-directions is <Ac >_=0. Since <§;-Kj >=0 fori#jandij=1toN we
¥

have <Ac;-Ac;>=0. As a result the contributions of the individual electrons to
the fluctuations are uncorrelated. For the relative resistance noise we obtain®

Se/R*=S,w/p =~y tand/fN ~ o/fN ,

N
where p* is the average mobility of the N electrons, i.e. p*=(1/N) T ;.

7=
It is obvious that the model is compatible with the mobility fluctuation model, not
with the McWhorter model for number fluctuations. The model predicts values for
o of the right order of magnitude.
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NOISE IN THIN METAL FILMS AFTER
LOW-TEMPERATURE ELECTRON IRRADIATION

K. ARMBRUSTER; E. OCHS, A. SEEGER, A. STACH; H. STOLL
Moaz-Planck-Institut fir Metallforschung, Institut fir Physik, Heisenbergstr. 1,
D-70569 Stuttgart, Germany

Electrical resistance fluctuations in thin polycrystalline films (Al, Au) are inves-
tigated by means of a highly sensitive noise spectrometer. The analysis of noise
in the temperature range between 10 K and 400 K according to the model of
thermally activated processes proposed by Dutta, Dimon, and Horn indicates that
defects are a source of 1/f noise. Other sources of resistance fluctuations observed
are macroscopic temperature fluctuations and the relaxation of mechanical stress
in the samples. The introduction of atomic defects by low-temperature electron
irradiation increases the noise intensity drastically. The annealing behaviour of
this noise component supports the view that atomic defects may contribute signifi-
cantly to 1/ f noise in metals even at rather low temperatures. In Au, an additional
noise component, proportional to 1/f 2, showed prominent maxima during the an-
nealing procedure which might be related to the creation of metastable defects.

1 Introduction

The detailed investigation of 1/f noise in metals is a rather challenging ex-
perimental task owing to the smallness of the typical resistance fluctuations
involved. Only by the development of high-resolution noise-measurement set-
ups 12 did the investigation of noise in micron-scaled metal films at low tem-
peratures become possible.

There is increasing evidence that defects may contribute to a large extent
to 1/f noise in metals. Low-temperature irradiation with electrons or ions,
which introduces atomic defects into the metal films, increases the 1/f noise
drastically >*. Further evidence for the influence of defects on noise in metals
is provided by mesoscopic samples in which two-level resistance fluctuations
have been observed 3 that are presumably caused by changes in the scattering
cross-section of conduction electrons as defects move between two metastable
states. The resulting noise spectra are Lorentzian with the knee frequency
given by the characteristic time of the transition between these states.

The question still under debate is to what extent other effects contribute
to noise observed in metal films. The present paper presents results on noise
of Al and Au films before and after low-temperature electron irradiation and
discusses them with respect to the individual sources of electrical noise.

*née: Dagge
tPresent address: Compuserve, Munich, Germany
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Figure 1: Spectral density of noise power S(f) at 10 K (circles) and 300 K (rectangles) of a
thin Al (a) and Au (b) film. The solid lines correspond to S(f) < 1/f.

2 Experiments

Polycrystalline samples (300 pmx5um) were produced by electron-beam eva-
poration with thicknesses of 100 nm (Al) or 110 nm (Au)}. The grain size
distribution was rather wide with an average size of about 100 nm. The residual
resistance ratios, Rspo k/Ri10 k= 3.13 for Al and 6.8 for Au, are typical for
metal films of this thickness.

The samples were irradiated below 10 K in a high-voltage electron micro-
scope with 3.7x10%% e~ /m? at 1 MeV. In subsequent annealing experiments
the recovery of both electrical resistance and noise was observed as a function
of the annealing temperature T,. Measurement of the low noise intensities
occurring at low temperatures was made possible by application of a special
phase-sensitive correlation technique 2 which averages out thermal noise and
external interference. Thus the measurement technique allows us to rule out
fluctuations of the output signal other than resistance fluctuations of the sam-
ple. During the noise measurements temperature fluctuations were kept below
+2 mK.

3 Results and Discussion

In the whole temperature range investigated the noise intensities of all samples,
irrespective of whether they were undamaged or irradiated, were proportional
to 1/f™ with an exponent m close to 1 (Fig. 1). In contrast to other mea-
surements on metal films? we found no increase of the noise power at low
temperatures. Qur experience is that in order to avoid any contributions to

tsample preparation: A. H. Verbruggen, DIMES, TU Delft, The Netherlands
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Figure 2: Analysis of 1/f noise according to the model of Dutta, Dimon, and Horn’:8

Measured frequency exponent m of Al (a, circles) and Au (b, rectangles) as a function

of temperature. The solid lines give the exponent m derived from the above model. (c)

Distribution of activation energies D(E) of Al (circles) and Au (rectangles) calculated from
the temperature dependence of the 1/f noise at 1 Hz.

the low-temperature noise spectrum due to macroscopic temperature fluctua-
tions it is necessary to stabilise the temperature to about +2 mkK, since the
influence of temperature fluctuations increases drastically below about 40 K.

3.1 Unirradiated Specimens

The exponents m derived according to the model of Dutta, Dimon, and Horn
from S(T) were in good agreement with the frequency dependence of the noise
power (Fig. 2a and b). In the case of Al, the analysis of the temperature de-
pendence of the spectral density of noise power, S(1"), within the framework
of Dutta, Dimon, and Horn gave a maximum in the distribution of activa-
tion energies D(E) at about 0.65 eV (Fig. 2c) and an attempt frequency vg
of the resistance fluctuations of 10'2 Hz. The maximum of the activation en-
ergy at 0.65 eV is in agreement with the typical activation energy for grain
boundary diffusiont® and the attempt frequency of the resistance fluctuations
(v = 1012 Hz) is compatible with the motion of atomic defects. The activation
energy for grain boundary diffusion in Au is about 1.0 eV !! and thus outside
the range of E < 0.9 eV (corresponding to T = 400 K) accessible in the present
experiment. These results support the view that the diffusion of defects can
give rise to resistance fluctuations in metal films.

In some of the unirradiated gold samples, at low temperatures a 1/f2
component was found in addition to the 1/f noise (Fig. 3a). Its occurrence
is correlated with sudden large fluctuations in the voltage across the sample

7.8
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Figure 3: (a) Spectral density of noise power of an Au film at 90 K. The solid lines, which
are proportional to 1/f and 1/f2, are given for comparison. (b) Typical voltage fluctuations
AV/(t) across the sample as a function of time.

(Fig. 3b) on the time scale of a few seconds. This suggests that the detected
1/f? spectrum is probably the high-frequency part of a Lorentzian. Char-
acteristically, the samples showing the 1/f2 component had a poor adhesion
to the substrate and partial detachment of these films took place during the
thermal cycling of the measurement procedure. An explanation for the 1/ f2
noise could thus be that resistance fluctuations occur due to fluctuations of the
thermal conductivity to the substrate, which would cause temperature fluctu-
ations of the sample or fluctuations in the mechanical stress of the film. Such a
connection between resistance fluctuations and mechanical stress was already
described by Fleetwood and Giordano. 12

3.2 Irradiated Specimens

For both metals, Al and Au, the typical increase of the residual resistance
due to the irradiation with 3.6 x 102 e~/m? was about 20 % whereas the
noise increased about one order of magnitude. In the case of Al the typical
energy deposited by the electrons is sufficient for the creation of vacancies and
interstitials in the bulk material. By contrast, the threshold for the creation
of vacancy-interstitial pairs in bulk Au at 10 K is higher than the energy
deposited by 1 MeV electrons. The damage occurs in this case at imperfections,
e.g. grain boundaries or surfaces, and is known as subthreshold damage. 3

In subsequent isochronal annealing experiments the noise and the resis-
tance at fixed measuring temperature T, were determined as a function of the
annealing temperature T,. The spectra of the irradiated Al specimens were
proportional to 1/f during the whole annealing procedure. The irradiation-
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Figure 4: Recovery of noise of irradiated specimens after isochronal anneals for 6 x 102 s at
progressively higher annealing temperatures Ts. (a) Recovery of the 1/f noise at 1 Hz of an
Al film. (b) Intensity of the 1/f2 component at 1 Hz of an Au film.

induced increase in noise anneals in discrete steps (Fig. 4a) at the temperatures
of the well-known recovery steps of the residual resistivity 4 and is completely
recovered after annealing at temperatures above 350 K, as is the irradiation-
induced residual resistivity. The steps in noise can therefore be attributed to
the annealing of intrinsic atomic defects such as vacancies and self-interstitials.

In the case of irradiated Au an additional component proportional to 1/ f2
was superimposed on the 1/ f noise. Measurement of the isochronal annealing
was performed at Ty, = 70 K in order to increase the intensity of the 1/f com-
ponent and thus allow its detection with sufficient accuracy. The irradiation-
induced increase of the 1/ f noise recovered completely in a discrete step at the
same temperature as Stage II of the residual resistivity, whereas the intensities
of the 1/f% component exhibited pronounced maxima in the annealing stages
II and III at approximately 100 K and 250 K (Fig. 4b).

The 1/ f? component was correlated with large fluctuations of the voltage
across the sample on the time scale of a few seconds. A microscopic explanation
might be the formation of metastable defects during the recovery. These defects
might enhance the relaxation of mechanical stress or they might fluctuate at
70 K on a time scale of a few seconds. Both mechanisms would lead to a
Lorentzian spectrum, whose high-frequency part shows up as 1/f2 noise.

4 Conclusions

In the entire temperature range investigated, the 1/ f noise of Al and Au films
showed excellent agreement with the model of Dutta, Dimon, and Horn 7:8.
This indicates that the 1/f noise is caused by thermally activated resistance
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fluctuations. The distribution of activation energies and the attempt frequen-
cies calculated according to the model supports the view that the microscopic
origin of the resistance fluctuations is the motion of lattice defects. The re-
sults on specimens electron-irradiated at low temperatures shows that noise
is increased drastically by the introduction of atomic defects. The annealing
of the various defect types, e.g. vacancies and interstitials, resulted in the
stepwise recovery of the irradiation-induced noise. The observation ofal/f?
component in irradiated Au specimens with maxima at certain annealing tem-
peratures might be caused by the formation of metastable defects during the
annealing.
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The nature of the 1/ noise in conducting samples is discussed here. We try to ex-
amine the model of Two Level Systems (TLS), see e.g. [1]. Every TLS is associated !
with a single point defect having two meta-stable states. The noise is stationary if
the ensemble of TLS’s is fixed. The noise may be considered as Gaussian if the en-
semble is large enough. We suppose that defects may diffuse through the sample,
changing the current ensemble of TLS’s. Thus, the noise loses its stationarity.

we use the method of the spectral - statistical analysis. Similar investigations were
made earlier [2], but results reached are not sufficient for the strict interpretation.
This lack is caused by the absence of the confidence interval for measured values.

The first problem we have got was the necessity to re-examine the term “stati-
onarity” of the noise. Process x(¥) is stationary (in wide sense) if its statistical mo-
ments do not depend on time 1, and correlation function @#;t+7) depends only on
delay 7. This definition is based on full statistical ensemble of the process. If x(¥) is
ergodic then the average over ensemble may be replaced by the average over
t€(-20,0)

of all statistical characteristics are random functions of ¢. If process x(?) is stationary

IS 1/F NOISE CAUSED BY MOVING DEFECTS?

A V.YAKIMOV, S.YU.MEDVEDEV, LYU.ZVORYKIN
N.Novgorod State University, N.Novgorod 603600, Russia

We try to test the model linked the 1/f noise with the movement of point defects. As the tool the
method of spectral-statistical analysis is modified and used. The necessity to re-examine the term
“stationarity” of the noise with the account of the limited measuring time was found. We have
also found very high sensitivity of the method to the noise non-Gaussianity.

Introduction

Our aim is the test of the noise stationarity and Gaussianity. For this purpose

Problems

In the reality the averaging is made over finite time ¢ <7’ As a result, estimates
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then the variance of these estimates tends to zero when T—w. We determine the
confidence interval (say, on the significance level 95%) for measuring values. The
process is stationary if only negligible part (less than 5%) of estimates is out of this
interval. In the opposite case x(?) is considered as non-stationary.

The usage of the method of the spectral - statistical analysis for the reveal of
the movement of defects has yielded some unexpected results [3,4]. We performed
two experiments: the accuracy test, and the correlation test.

In the first one the accuracy &,,, of the measurement of the filtered noise in-
tensity is estimated. This estimate is compared with the theoretical value Ex=Vt-Af)
found for Gaussian stationary noise. It was assumed, that the noise non-stationarity,
caused by the diffusion of defects, is displayed through a reliable deviation of the
estimate &,., from theoretically expected value.

We have found that while the measurement time ¢ is increased then &, is de-
creased. But the increase of the filter band-width 4f may give the rise of the dis-
crepancy between theoretically predicted and experimentally estimated accuracy
values.

In the second test the correlation between the noise intensities on outputs of two
non-overlapping band-pass filters is estimated. This value for Gaussian stationary
noise equals zero, of course, within boundaries of corresponding confidence inter-
val. In experiments both negative and positive correlations were found.

The positive correlation may be explained by instabilitics in the measuring set-
up (ambient temperature, and voltage supply drift). The negative correlation, as we
assumed earlier [3,4], may be explained only by the movement of defects within the
sample under test.

The described results have shown the necessity to make the special test of the
noise non-Gaussianity influence on the measurement results.

3 Non-Gaussian noise modelling and treatment

The signal was formed by a generator of random numbers in a computer. That
gives the uniformly distributed pseudo - random sequence of integers. To reach
various degree of affinity to Gaussian process the sum of N, integers was used:

x(t) =(1/N.) Zx; ().
In our numerical experiments the values N, =1,16,128 were chosen. When 16

(or more) items are summarised at once, it is usually assumed, that the process is
reasonably close to Gaussian one.
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For N, 216 the noise histogram (as the estimate of the pdf) is a good “Gaus-
sian” one. At N, =128 the histogram does practically not differ from Gauss law.
The spectrum was found by 2048 - point FFT, with the usage of the first 800 spec-
tral components of the signal. The deviation from the spectrum of “ideal” white
noise corresponds to theoretically expected value, that is about 0.08dB.

The band-pass filtering was realised as follows. The signal was Fourier trans-
formed. The intensities of n, spectral lines were summarised, whose frequencies fall
into the chosen band. As a result we got a single sample of the filtered noise in-
tensity. The array of Nr samples was accumulated and statistically treated. The re-
sults of the treatment were presented in the following way.

Each result was evaluated and displayed for the ensemble of n-n, samples;
n =1.. N, where N =400 -the total number of the discrete samples on a time; n, =8
-number of the samples in the intermediate averaging; thus, Nr = Nn, . ‘

The theoretical value of the accuracy was determined in Gaussian approxima-
tion: &, =Vt 4f) . In the discrete variant the product (t 4f) = n-(n,n;) is the current
number of available non-correlated intensity samples of the spectral lines.

The accuracy &.., of the measurement was estimated during the data process-
ing. This value was rationed on &, that gives the relative estimate of the accuracy
of the filtered noise intensity measurement: &.; = &.,/&, . If Gaussian stationary
noise is analysed, then this relative accuracy gets values &, =/, not leaving the
frames of the confidence interval. With the account of this circumstance the results
of statistical treatment were additionally shifted down and normalised on the half-
width of the confidence (with significance level of 95%) interval AE:

€= (&u- 1)/ AE = [(€op/€n) - 1]/ AE .

If more than 95% of data satisfy the condition |e| < /, then the noise is Gaus-
sian and stationary. The stationarity was assumed to be fulfilled in our numerical
experiments, the main problem was the test of the noise Gaussianity.

The confidence interval half-width, evaluated in the approximation of delta -
correlated Gaussian noise, is as follows [4]

AE z4.3'8{h .

This relation was evaluated under the condition &, « 1.

It was assumed, that the noise non-Gaussianity is displayed first of all through
the link between spectral lines, whose frequencies are multiple one to another (i.c.
between harmonics). Therefore two types of the band-pass filter were chosen.

The intensities of Fourier - components with numbers 2... 10/ were summarised
in LF filter. That is the filter, covering up to 50 harmonics. In the second case the
HF filter, covering lines with numbers 652... 751 was chosen. Harmonically linked
spectral lines are completely absent in this band.
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The results of numerical experiment for the LF filtered uniformly distributed
noise are shown in fig. 1a. Here the numbers of accumulated samples » are pointed
on the horizontal axis; the vertical axis contains values of the normalised accuracy
e. Results for the HF filter are completely similar, namely, all data tend to be under
the bottom of the confidence interval e = -1 while the time is increasing.

Thus, the noise non-Gaussianity is manifested through the link not only be-
tween harmonic components, but in more complex way.

In Fig. 1a the vertical line n=100 is drawn. Data for n<100 correspond to the
accuracy available when the filter band-width is decreased four times, that is
ny=25 . Results for n,=25 are shown in Fig. 1b, where the same frame is used.
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One can see from Fig. 1b, that 4 times reduction of the filter band-width has
resulted the essential reduction of the filtered noise non-Gaussianity, Now the data
are practically within the confidence interval restricted by lines e=1.

While summing /6 uniformly distributed items the difference appeared in the
results of 7, =100 spectral component summation. Strong data spread was found
relatively to the confidence interval limits, with the weak tendency to the reduction
while the time of the analysis (the number 7) is increased. The similar picture, but
with some smaller spread of data for n; =100, was observed for the sum of 128
items; the corresponding illustration is given in Fig. 2(a, b).




4 Conclusion

Accuracy of the filtered noise intensity measurement is very sensitive to the noise
non-Gaussianity. An increase of the time of the analysis explicitly results in the in-
crease of the accuracy. But the increase of the filter band-width may yield the in-
crease of the error in the comparison with value corresponded to “ideal” Gaussian
noise. This result agrees with [5], where it is shown, that the accuracy of the in-
tensity measurement is determined by a tri-spectrum of the noise.
Thus, the problems to be solved are seen as follows.
(i) If the 1/f noise is non-Gaussian then what are the type and nature of this
non-Gaussianity.
(ii) If the noise is non-stationary then:
a)_what are the type and nature of this effect ?
b) how to reveal this non-stationarity on the real time scale?
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. ENHANCED 1/f NOISE INDUCED BY ATOMIC RAYLEIGH WAVES
IN DISCONTINUOUS PLATINUM FILMS
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ANDREI-PETRU MIHAILA
Electronics Dept., Politechnical Univ. of Bucharest, Bd.. Iuliu Maniu 1-3, 77202
Bucharest, Romania

The temperature dependence of 1/f noise in clean discontinuous platinum films is modeled by
phonon density of states superposition method in the range(100-200)K. Our data show that both
longjtudinal and transversal(vertical) motion of surface atoms generate 1/f noise but enhanced
noise level is observed when carriers couple to the vertical motion of surface atoms(Rayleigh
waves). A possible connection between the Hooge parameter and the Eliashberg function is
revealed.

1 Introduction

For more than seventy years, 1/f noise remains onc of thc most puzzling
phenomenon of solid state physics. Due to its extremely ubiquity, the microscopic
origin of 1/f noise is still unsolved. Over the last two decades, evidence has been
accumulated proving that defects motion[1]-[12] or some kind of atomic
motion[1],[9] could be the microscopic source of 1/f noisc in metals. According to
some authors[6],[12], experiments ensuing the defect motion models are
inconsistent with the model which relies on phonon scattering as source of 1/f
noise[13]. Experiments performed near the melting transition[12],[14] showed that
the noise intensity decreases upon melting, explicitely recognizing that the lattice is
playing a role in generating 1/f noise. Nevertheless, it is concluded that phonons
have no influence in the noise mechanism[12]. However, phonon scattering seems
to be involved[13] and both bulk[15] and surface phonons[16] were observed in the
U/f noise. The 1/f noise observed in the laser light scattering on quartz[17] and in
the current of a tunncling microscope[18] was attributed to phonon number
fluctuation. Also, using Phonon Density of States Superposition(PDOS) method, a
kind of atomic motion, namely longitudinal motion of surface atoms, has been
identified as source of 1/f noise[19] in discontinuous platinum films(DPF). Now we
report that in some DPF's the transversal(vertical) motion of the surface atoms
generates enhanced 1/f noise. But the vertically polarized surface atomic motion is
known as Rayleigh waves[20], thus the atomic Rayleigh wave[21],[22] is identified
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as source of 1/f noise. Finally, a new physical interpretation of the Hooge parameter
is given.

2, Experiments, results and discussion

The data reported here are for clean DPF . Clean means that no desorption peak due
to residual gases has been observed during the noise measurements. A number of
five samples, evaporated at the same time on a sapphire substrate, were
investigated. 1/f noise spectra were observed in all samples. The noise intensity(Sy)
followed a quadratic dependence on the applied voltage(V), so as the
temperature(T) dependence of the normalized noise intensity(Sy/V2) has been
determined in the (100-200)K temperature range. Figure 1 shows comparatively the
dependence of Sy/V2 vs. T for the sample RAB, with the lowest noise intensity, and
for the sample RDE whose noise intensity is enhanced.

The most salient fea-
ture of the 1/f noise
130K f210Hz intensity in both sam-
ples is the existence of

< | some maxima. While
ZF in the sample RAR the
> maximum 1is structu-
. red with two peaks
0 located at 144K and
152K, respectively, in

105 the case of RDE the

maximum is enlarged,
down shified, with a
maximum maximorunt
at about 130K. A
similar behaviour as
100 200 in RDE shows the 1/f
TEMPERATURE (K) noiss of the other

three samples, but in

Figure 1: Dependence of the 1/fnoise intensity on temperature for the their case 50 times
samples RAB and RDE at £=10 Hz, points are experimental data more noise has been
found We were

especially intrigued by the observation that all samples having the noise maximum
located around 130K showed enhanced 1/f noise. Looking for a physical
explanation of this observation, we have resorted to the PDOS method[16],[19] to
model the temperature dependence of 1/f noise data. The noise data for the RAB
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sample and the function F() obtained by PDOS method are compared in figure 2.
The function F(o) was obtained by the superposition of some surface PDOS and
the bulk PDOS for platinum([23]. For surface, only PDOS corresponding to the
longjtudinal motion of the platinum atoms in the first atomic layer, both in the TK
and I'M symmetry directions, were taken from Kern et al. [24]. The resulting PDOS
was noted F(®), though the phonon frequency(o) was converted into an equivalent
temperature(T=tio/kB, where the terms have their usual meaning). The reasonable
fit between F(w) and the noise data points to the longitudinal motion of surface
atoms as a source of 1/f noise.

Figure 3 shows the
dependence of
142K Rap 1~ S¢V2 vs. T for
1‘?8" t=10Hz
- 127K

RDE and, for com-
parison, the func-
tion F'(®). In this
case, the use of
only F(o) to fit the
noise data was in
no way satisfactory,
let alone the
explanation of the
maximum at 130K.
The way out was to
add to F(o) the
PDOS function
corresponding  to
200 the transversal

TEMPERATURE (K) (vertical) motion of
the surface atoms

Figure 2: Comparison between the normalized 1/fnoise spectral density of the in the first atomic

Rag film and the function F(®); the arrows with the associated letters indicate layer, in the TK
the symmetry directions in the platinum surface Brillouin zone. symmetry direction

svivZ(nz")

6[
PHONON DENSITY OF STATES (A.U.)

[24]. The result was a new function F'(e) with a maximum maximorum at 129K
which can explain the 130K maximum in the noise. These results show that the
transversal motion of surface atoms is another source of 1/f noise. The transversal
vibrational mode of the surface atoms are known as Rayleigh wave "because Lord
Rayleigh in 1885 had shown its existence in a continuous medium; we may liken it
to a propagating ripple on the solid surface - it is a motion involved in
earthquakes”, to quote Myers[25]. Therefore, there is enough reason to consider




PHONON DENSITY OF STATES (ARBITRARY UNITS)

200
TEMPERATURE (K)

Figure 3: Comparison between the normalized 1/fnoise spectral density of

the Rpg film and the function F ’(®); the arrows with the associated letters
indicate the symmetry directions in the platinum surface Brillouin zone,

that enhanced 1/f
noisc observed in
RpE film is due to
electron scattering by
Rayleigh  phonons.
Corroborated with the
Myers' above
statement[25], this
observation has direct
implications on the
origin of 1/f noise in
solid state physical
systems and not only.

3. Search for the physical significance of the Hooge's parameter

Although widely used to characterize the noisiness of many physical systems, the
physical significance of the Hooge parameter[26], o , is still obscure. It is now
established that o depends on temperature([5],[11],[14],[27] and scattering
mechanisms[13],[27]. Suggestions have also been made that o would have a
spectroscopic character{15] From the data on discontinuous platinum films, we
have seen that Sy/V2_F(0)=2Fj(w), where Fi(o) is the PDOS of the i-th phonon
branch. On the Fermi surface, the electrons couple very anisotropically to phonon
branches[28]-[31]. Therefore, the participation of Fj(o) could be weighted by the
associated electron-phonon matrix element(B;2), hence Sy/V2..2Bi2Fj(w). For some
temperature intervals, the anisotropy of B2 could account for the dominance of ,

say, Fj(o) and thus, in the Hooge's form :
Sv/V2. .o/ Bi2Fi(w) .

)
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But the product BiZFi(m) of the squared matrix element Biz for the electron-phonon
interaction and the phonon density of states Fj(®) is known as Eliashberg function.
Consequently, the formula (1) suggests a possible connection between the Hooge
parameter and the Eliashberg function : a.\,ﬁizFi(m). Such a connection, if any, can
explain at least qualitatively many unclear and apparently dissimilar aspects of the
1/f noise in solid state physical systems. Also, it can explain our noise data, if one
considers that the electrons couple stronger to the transversal phonon modes, as it
happens in noble metals at the necks of the Fermi surface[28]-[32].

4. Conclusion

In conclusion, the transversal motion of surface atoms, also known as Rayleigh
wave, has been identified as source of 1/f noise in DPF. It generates more 1/f noise
than its longitudinal counterpart. This observation was attributed to a stronger
coupling of electrons to transversal surface atomic motion. A possible new
connection between the Hooge parameter and the Eliashberg function has been
found.
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We survey the biased-percolation model based on a two-dimensional resistor net-
work as an approach to understand abrupt failure of electronic devices. Monte
Carlo simulations enable us to investigate the evolution of the system including:
damage pattern, current distribution, resistance degradation, resistance relative-
fluctuations and its power spectrum associated with 1/ f noise. Unsolved problems
related to the development and improvement of the model are discussed.

1 Introduction

Very recently, a new percolation model ! which promises to be a good can-
didate for understanding the abrupt failure of electronic devices 2~° has been
introduced. This new model has been called biased percolation, because local
Joule heating is assumed responsible for the generation of defects causing per-
colative breakdown of the device. In this paper we briefly summarize the state
of the art of this model and focus onto unsolved problems in the perspective
of developing and improving existing findings. ‘

2 State of the art

We consider a thin conductor film as a two-dimensional square lattice network
of identical resistors stuck on an insulating substrate at temperature Tp. The
lattice is contacted at the left and right hand sides to an external applied
voltage U, which is kept constant. The degradation is starting because of the
spontaneous creation of insulating defects. In our model, a defect corresponds
to an infinite value of the resistance of an element (open-circuit model). The
total degradation of the network implies the existence of at least one continuous
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path of defects between the upper and lower side of the lattice and therefore
the measured resistance becomes infinite in this case. We take the probability
W of creation of a local defect indexed by « as:

E,
Wo = ezp(— KBT.,) (1)

where Ej is an activation energy characteristic of the defect, Kp the Boltzmann
constant, and T, the local temperature at the resistor o :

Ta =T, + Argil )

A is the characteristic parameter responsible for the coupling between current
and device degradation, its value, measured in (K/W), depends on the effi-
ciency in the thermalization by the substrate of each resistor Ta, io being the
current flowing in it. It is interesting to note that this model provides a spon-
taneous symmetry breaking: at the beginning, when there is no defect yet,
the probability of defect creation is homogeneous in space. By the accidental
creation of the first defect at a random location, the original symmetry is spon-
taneously broken and the further defects will grow with a higher probability
around the first one. When A is zero, the corresponding probability W2 is
the same for all resistors, which corresponds to a degradation governed by the
standard percolation model#8

Monte-Carlo simulations are carried out using square networks with sizes
N x N up to N = 100. Starting from the perfect lattice, the defects are
generated according to the probability W,. All local currents i, are then re-
calculated, the probability W, is updated, and applied to generate new defects.
As realistic parameters we take Ty = 300 K y Eo/Kg = 3000 K, ro = 1 Q,
U=1V and A =100 x N2 K/W (for purposes of convenience we choose
A scaling as N2). As indicators of degradation we have studied the evolution
of the damage-pattern, resistance degradation and its fluctuations. The main
results are summarized below.

(i) The damage exhibits a filamentary pattern perpendicular to the di-
rection of the current flow, as illustrated in Fig. 1. In particular, only a
few clusters of defects are found in the device when it breaks down (infinite
resistance), most of the material still remaining defect free.

(i) The evolution of the network resistance R and of its normalized vari-
ance < §R? > /R? exhibit a sharp transition to failure as illustrated in Figs.
2 and 3 respectively. This latter quantity is evaluated assuming that each
resistor is fluctuating in time independently from each other, with a variance
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Figure 1: Lattice with size 30 x 30 close to  Figure 2: Evolution of the lattice total re-
complete failure. sistance for the standard (circle) and bi-

ased (square) percolation models, respec-

tively. Curves refer to a sample with sizes

100 x 100.
< 8r2 >= p? , the same for all resistors, so that8:
<SR*> _p* Y. )
R Tt (L, R)

where we account for the fact that all r, = r and p2/r2 & 1. We remark
that, contrary to standard percolation, the increase of the resistance and of
< 8R? > /R? is not significant up to the last few percent of the device lifetime,
where the resistance is diverging very steeply.

(iii) Pure 1/f noise spectra exhibit a colored transition near the abrupt
failure of the device as illustrated in Fig. 4. Within our model the noise
spectrum of resistance fluctuations Ssgr(f) at frequency f is:

Senlf) = ;2-(—253;;)—2— 3 sral i @

where s,o(f) is the spectral density of the a-th resistor assumed of Lorentzian
form:
40’74

T+ @)’ ®)

sra(f) =
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with the correlation time of the a-th resistor, 7y, hyperbolically distributed
between 107° and 1 s. In this way, the spectral density of total resistance at
the initial step exhibits a 1/f spectrum over several decades of frequencies.
Overall, the above features show valuable agreement with available exper-
iments % and offer interesting possibilities to test the reliability of electronic

devices2—3
10? 5 10° g
F 10
L : ’ a 105 L
10° | % 3
& E . z 10°
A [ s ~ - F
% T 10
v i S 100}
i =
F 10
j o 10" [
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Number of steps Frequency [Hz]

Figure 3: Evolution of normalized variance Figure 4: Normalized spectral density of to-
for standard (circle) and biased (square) tal resistance fluctuations calculated from
percolation models, respectively. Curves the biased percolation model for a lattice
refer to a sample with size 100 x 100. with size 100 x 100. The lowest curve is for
R = 1.0 Q. The others follow in increas-
ing order of R, respectively R = 1.5 Q,

R=349Q, R=5.04.

3 Unsolved problems

Unsolved problems of this new model are summarized as follows:

(i) The normalized variance of the resistance R scales with R : AR?/R? «
RY with + real. In the case of standard percolation this scaling exponent v is
universal. Is this universality also present in the case of biased percolation ?

(ii) What is the role of different biasing conditions ? What happens for
different values of the biasing quantity ?

(iii) What is the effect of contact geometry and boundaries ? For example
we may have a point-contact, a grating contact, and so on.

(iv) What could be the effect of dishomogeneities in the efficiency of cooling
by the substrate (due, for example, to the quality of the adesion or to other
dishomogeneous features of the substrate) ?
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(v) What is the effect if the sample is non-ohmic ?

(vi) Is it possible to define an effective noise temperature for the network
as a good indicator to monitor abrupt failure ?

(vii) In which way the lifetime of the device can be correlated to the
evolution provided by Monte Carlo simulation. In other words which relation
can exist between the iteration number and the time step 7

(viii) In which way the network sizes can be correlated to the geometri-
cal and structural characteristics of the real device ? In particular, how the
granularity of the film influences its noise characteristics ?

(ix) The model can be upgraded to provide a different sensitivity for noise
and resistance degradation ?

(x) Can the present model be implemented by introducing others proba-
bilities of generating defects, or different kinds of defects ? In particular, can
this model be usefull for studing conductor - superconductor ° transitions ?
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NOVEL DYNAMIC APPROACH TO THE 1/f NOISE
PROBLEM IN SOLIDS VIA SHORT-LIVED LARGE ATOMIC
ENERGY FLUCTUATIONS IN NANOMETER REGIONS

YU.L. KHAIT, I.LB.SNAPIRO
Solid State Institute, Technion-Israel Institute of Technology,
Haifa 32 000,Israel

A solution of one of the main unsolved problems of 1 /F noise related to the
noise origin is suggested. We propose random short-lived large energy fluctua-
tions(SLEF’s)of small numbers N, > 1 of atoms and SLEF-generated transient
point dynamical defects(TPDD's) of lifetime A+ = 10~13 — 10~12; to be a source
of 1/ f noise in solids. The SLEF’s and TPDD’s having exponentially broad relax-
ation times cause random (in space and time) trapping(localization) and strong
scattering of carriers.This produces stochastic dynamical fluctuations in the car-
rier density and mobility which possess 1 /f spectral component.The Hooge-like
relation with the parameteray = 10~2 — 10—4 dependent on material character-
istics has been obtained for metals and semiconductors through the SLEF-based
approach.

1 Introduction

An extremely broad range of solids exibits so-called 1 /f noise or flicker noise
characterized by the spectral density (SD) S o 1/f7 that makes 1/f noise
almost a universal phenomenon [1-22]. Hence one can expect the origin of
flicker noise to have the same universal nature common for all solids. However,
at present, the problem of the origin of 1/f noise is unsolved in spite of over
sixty years of investigations, a great amount of experimental data accumu-
lated, numerous models proposed and impressive achievements in the analysis
of experimental data and properties of possible sources of 1/f noise. The
concept of defect-fluctuators with an exponentially broad range of relaxation
times 7 = T,ezp(E/kT) has been put forward for the interpretation of experi-
mental data[1-5,17,20,21). Nevertheless, the problem of the the nature of the
fluctnators has not yet been solved.

In this paper we propose a novel stochastic dynamic source of 1/f noise,
based on the kinetic many-body electron-related theory of short-lived large
energy fluctuations(SLEF’s) of small numbers N, > 1 of atoms (of lifetime
AT = 10713 — 10~!%) and SLEF-induced rate processes in solids[23-41). We
suggest that the random dynamical SLEF’s take the role of the fluctuators gen-
erating 1/ f noise. The SLEF’s have exponentially broad relaxation times. The
SLEF theory applied successfully to numerous processes and materials shows
that SLEF’s generate transient point dynamic defects(TPDD’s) of nanometric
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size and lifetime A7g = At. Each of the TPDD’s breaks up the local material
order, symmetry and stability and changes dramatically atomic and electronic
properties in the nanometer region during A7. The SLEF’s and TPDD’s ex-
isting simultaneously and permanently in the solid generate a strong electron-
lattice interaction which can cause trapping (localization) of mobile carriers ,
strong carrier scattering and upward and downward electron transitions in the
SLEF-affected nanometric regions[23a,25-30,33-36,39]. In other words, each of
the SLEF’s induces transient local conductor-insulator transitions (TLCIT’s)
in the SLEF-affected material region. The SLEF’s and TLCIT’s appear spon-
taneously in random places at random instants of time. The random persistent
sequences (generations) of simultaneously occurring SLEF’s,TPDD’s and TL-
CIT’s which form random dynamic arrays exist permanently in solids[23a,31-
36]. They cause stochastic dynamical fluctuations in the carrier number and
mobility and in the material resistance. These fluctuations contain the 1/f
noise component,and thus they generate 1/f noise.

2 The Origin of 1/f Noise - Statement of the Problem

The fact that 1/f noise has been observed in virtually all kinds of materials
[1-22] motivates one to expect the origin of 1/f noise to be common for all
materials, although specific properties of different materials can cause some
observed differences in particular noise features found in different kinds of
materials. There exists a widespread opinion that 1/f noise is generated by
ensembles of defect-fluctuators possessing a broad distribution of relaxation
times 7 [1-5,17-21]. However the nature of the fluctuators and thus that of the
origin of 1/f noise is one of the key unsolved problems in the field. Observa-
tions of 1/f noise inversely proportional to the sample volume V' are usually
attributed to the bulk nature of the noise. In many experimental situations the
famous Hooge empirical relation between SD S; of current fluctuations, the
total number N, of carriers and frequency w takes place [9] S;/I%? = a/N.w.
Here the parameter a is of the order of 1072 in many cases, but it is not a
?universal constant” and its value in some cases can deviate strongly from
the "normal” value of @, &~ 10~3. Two 1/f noise components exist simul-
taneously in metals[1]: a) a strongly temperature-dependent noise, which is
independent of the substrate. The amplitude of this noise is proportional
to exp(—Ep/kT) at temperature T < 350K,where Ep =~ 0.1 to 0.15 eV
and b) a weak temperature-dependent component which, however, depends
strongly on the substrate nature. In semiconductors strong experimental ev-
idence of the relation of 1/f noise to lattice scattering has been presented.
Hooge and coauthors [2] have concluded that ”it is as if the density of phonons
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fluctuates with a 1/f spectrum”. The concept of fluctuators having the ex-
ponentially broad distribution of relaxation times attributes this distribution
to some thermally activated processes caused by fluctuators which generate
1/f noise. We shall see below that the proposed SLEF-based model of 1/f
noise which includes SLEF-induced thermally activated processes as a source
of 1/f noises, introduces SLEF-generated fluctuators having relaxation times
T x exp(AG/kT)(AG >> kT) but does not produce thermally activated parti-
cles jumps over energy barriers. Let us first consider some limitations imposed
by the conventional theory of solids which are associated with the following
well known assumption [42-44]: 1) Average atomic displacements (or oscilla-
tion amplitudes) o4 are small compared to the average interatomic spacing d,
ie. 04 << d. 2) The electron motion can be separated from the atomic motion
through the Bohr-Oppenheimer adiabatic principle due to the above assump-
tion 04 << d. 3) The collective atomic motion can be described in terms
of harmonic (quasiharmonic) approximation and of phonons when o4 << d.
4) Relatively small electronic perturbations are taken into account. 5) The
electron-lattice interactions are usually described in terms of the electron-
phonon interactions. 6) Only conventional long-lived defects (vacancies, etc.)
and their interactions with carriers are taken into account. 7) The solid is
usually assumed to be characterized by its equilibrium atomic, electronic and
electromagnetic parameters (if some external factors do not force it to deviate
from equilibrium). The above assumptions, although proven extremely effec-
tive in various fields, impose strong limitations on the consideration of a broad
range of processes in solids which are associated with large transient atomic
displacements (LTAD’s) Aq, = |go — ¢o| & d >> 04 from the mean positions
do (such as atomic and defect diffusion, etc.) This was first stressed by Frenkel
[45] about 50 years ago. The theory of SLEF’s and SLEF-induced processes
[23-41] frees one from the above limitations through the consideration of large
local non-equilibrium fluctuations hypotized by Boltzmann 100 years ago[46],
SLEF-induced LTAD’s and strongly interrelated atomic and electronic phe-
nomena in nanometric regions which break the aforementioned assumptions.
These SLEF-induced phenomena take place in all kinds of materials. The
SLEF-based electron- related theory has been applied successfully to the con-
sideration of various rate processes, phase and structural transformations in
metals [23a,24], metal binary alloys [35), crystalline and amorphous semicon-
ductors [23a-25,27-29,31], semiconductor lasers and light emitting diodes [30]),
metal-semiconductor interfaces{36], semiconductor surfaces [26], high- T, and
low-T. superconductors [33] and superconducting ceramics at T > T, [39],
semiconductor superlattices of nanometer periods [37] and semiconductors af-
fected by light [38]. In this work we extend the SLEF theory to the problem
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of the origin of 1/f noise.

3 A Dynamic Stochastic Model of the SLEF-generated Picosecond
Nanometric Fluctuator

The theory of SLEF’s and SLEF-related phenomena is well documented in
literature[23-40]. Here we summarize,mainly, some key points of the theory
related to SLEF-induced LTAD’s and TPDD’s able to localize (trap) carriers
for a short while and scatter them strongly.This causes random fluctuations
AN,(t) = Nc(t) — Ne, An(t) = n(t) — A(t), Ap = p(t) — & in the carrier num-
ber N,(t) = Vn(t) in the sample volume V, concentration n(t) and mobility
p(t) around their mean values N, = V&, and . We use the SLEF theory
that considers the dynamics of SLEF-induced correlated many-body picosec-
ond atomic and electronic phenomena which occur during A7 ~ 10~13-10-1%
in nanometer regions of solids(or their surfaces ). Each SLEF of lifetime
AT = 711 + T2 emerging in random places at random instants of time generates
N, > 1 hyperthermal fluctuating atoms(HFA’s). During the SLEF formation
time 7, & 0.5A7 the HFA’s receive the energy €0, >> kT only from the causal
nanometer HFA vicinity of radius Ry & ¢,y &~ (2 —3)d ~ 10~ "cm and volume
Q) ~ 4R3(containing AN; ~ 30 — 100 atoms) due to the causality condition.
The HFA gives the "borrowed” energy back to the HFA surroundings of radius
R, =~ c,72 ~ Ry during the SLEF relaxation time 73 & 71 (here c, is of the
order of the sound velocity). During A7 the SLEF perturbs the HFA vicinity
of radius R4 ~ c,Ar ~ 2R; ~ (4 — 10)d and volume V4 ~ 4R} ~ 30R}
containing N4 = (3 — 10)10% atoms.Mobile electrons moving with the velocity
ve = 107 — 108¢m/s can be affected by a single SLEF at distances not larger
than r, & ATy, & (10% — 103)d [23,25-30,33,35-40].SLEF’s can correlate with
one another at distances of the order of R4 = 10d on the atomic level and
at distances 7, ~ (102 — 103)d on the electronic level. The HFA’s experience
LTAD’s Ag, >> 04 ,which can be seen directly in molecular dynamic sim-
ulations[31,32 ].They are associated with large picosecond correlated atomic
and electronic distortions in the HFA nanometer neighbourhood. The SLEF-
induced LTAD’s and a local transient disordering form TPDD’s of lifetime
A1y &~ Ar = 10713 — 107125 which differ qualitatively from the traditional
long-lived point defects(vacancies,interstitials,etc.)[23-28,30-37]. The SLEF’s
generate a local non-equilibrium state and fluctuations in the phonon den-
sity in the HFA’s vicinity. The picosecond correlated motion of the HFA’s
and many surrounding particles in the HFA nanometer causal vicinity during
the SLEF lifetime is described by the coupled kinetic integro-differential equa-
tions[23,41].The SLEF probability and rate coefficients are calculated from a
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solution of the SLEF kinetic equations[23,41]. The SLEF-induced TPDD’s
create strong transient local atomic and electronic distortions and instabilities
that destroy, for a short while, the material symmetry,order and stability and
generate local transient non-equilibrium states in the nanometric volumes.The
LTAD’s and TPDD’s breaking the Born-Oppenheimer adiabatic approxima-
tions induce large local transient electronic rearrangements and the motion
and crossing of electronic levels(surfaces) and also non-adiabatic electron tran-
sitions in the HFA vicinity;new local moving electron levels are also created by
SLEF’s.This causes strong carrier-lattice interaction effects[23a,25-30,35-40].

The simultaneously existing SLEF’s and TPDD’s of various €, >> kT
form a dynamic random array (the SLEF and TPDD generation) of the lifetime
of the order of A7 = 10713 — 10125, The persistent random sequences of the
picosecond SLEF (and TPDD) generations exist permanently in the sample.
At any fixed instant of time ¢’ the TPDD random array distorts randomly the
spatial distribution Up(r,t') of the energy potential for carriers which form(at
fixed t) a 3-dimensional random field. This potential contains random tran-
sient traps for carriers of picosecond lifetime.When ¢ varies, the random array
of Ny (t) = V1(t) coexisting SLEF’s and TPDD’s changes randomly the spatial
potential distribution Up(r,t)which forms (3+1)-dimensional spatial-temporal
random function U(r,t). Here n(t) is the random cubic density of simultane-
ously oc curring SLEF’s and TPDD’s. Thus every picosecond generation of
SLEF-induced TPDD’s produces the random potential which,in turn,creates
random localization(trapping)of mobile carriers during Ar. This generates
random fluctuations An(t) = n(t) -7 and AN(t) = VAn(t) = N.(t) - N, in
the carrier density n(t) and number N,(t) = Vn(t) around their mean values
7 and N, = AV in the sample volume.In semiconductors the average num-
ber(per SLEF and time interval A7) of localized carriers is Gi, = MU LiAT
[23a,25-30,33,35,36]. Usually this number is g,, << 1;eg §,, = 10~% — 10~2 for

7 = 10'® — 10Y7em 3 cross section T; ~ 10~ 13¢m? and Ve = 107cm/s. In met-

als where the average carrier concentration is 72 & Ny, &~ 3 * 1022cm—3 every
SLEF produces picosecond localization of §,,,, ~ (N, + X1)Yoto(No+x1+Xx2)7e
valence electrons. These electrons belong to (No + x1)to(N, + x1 + x2) atoms
which include N, HFA’s, the x; or/and x; nearest HFA’s and next to the
nearest HFA neighbours;y, is the number of valence electrons per atom. The
(No + x1)to(No + x1 + x2) atoms which occupy volume §V; = (No + x1)d? to
6V2 = (N, + x1 + Xx2)d? constitute the most distorted "core” of every TPDD.
Therefore one can expect SLEF-induced picosecond localization(per TPDD)
of gem ~ (No + x)7o electrons; at N, = 1,x = 12 and 4, = 1 — 3 one finds
gtm = 13 — 40. During A7 the TPDD core ceases to be a conductor since
carriers are unable to pass through the strongly distorted nanometer material
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region. This means that every SLEF induces the transient local conductor-
insulator transition(TLCIT) in the nanometer region of volume 6Vito 6Va.
Random TLCIT’s produced by sequences of random arrays of simultaneously
occurring SLEF’s and TPDD’s generate a random dynamic current redistri-
bution similar, in a sense, to that discussed in [21].Besides,every SLEF (and
TPDD) causes scattering on the average of g, = nv.X, AT external carriers
located in the TPDD vicinity of radius r, = v.A7. Consider now the proba-
bility of SLEF’s and TPDD’s to occur, taking into account that the TPDD’s
can cause An*? upward or/and An? downward electron transitions (between
levels with average energy separation < e >) occurring in the HFA nanome-
ter vicinity during the SLEF lifetime A7.The SLEF’s ofe,p > AE >> kT and
TPDD’s occur with the probability(per second) [23,25-30,33,35-40]

W = At tezp(—AG/kT) (1)

calculated from the kinetic consideration. Here AG = AE+(| < ée > |—kT)én
is the effective SLEF free energy,6n = An"? — An¢, §G = 6E — T$6S, 6E =
én| < 6e > | and S = kén.From eq.(1) one finds the exponentially broad
distribution of relaxation times of SLEF-induced phenomena

7 =W~ = Arezp(AG/kT), (2)

From eq.(2) one finds the distribution P(r) = W~ = 1/7. The following two
kinds of SLEF’s are considered.The first kind of "irreversible”’SLEF’s forms
thermally activated rate processes(eg. atomic diffusion, etc.) each of which
has its SLEF threshold energies AE = E+ < ée > én taking the role of mea-
sured activation energies [23a,25-30,34-40].The second kind of SLEF’s termed
as "reversible” generates HFA’s,LTAD’s and TPDD’s, but these SLEF’s do not
produce atomic transitions over energy barriers,as can be seen in computer
simulations[31,32]; nevertheless these SLEF’s are described by Arrhenius-like
eqs.(1) and(2)[23a,31,32-35]) and can cause experimentally observed effects[35].
The average cubic density of simultaneously occurring independent SLEF’s of
€op > AE >> kT and the mean distance between them are[23a,33-35]

N(AE) = d~%ezp(—~AG/kT),7¢(AE) 7~ /3 3)

Consider now the component of 1/f noise associated only with SLEF-
induced localization(trapping) of carriers.This component results from SLEF-
induced fluctuations An(t) = §,An(t) and §N,.(t) = Vg,An(t) in the carrier
density and number. Here An(t) = n(t) — 7 is the fluctuation of the SLEF
random density 7(t) around 7. For a given AE the autocorrelation functions




98

for ANy(t, AE) = VAn(t, AE) and AN,(t, AE) are
K(At,AE) = [AN;(AE)®exp[-At/T(AE)]
vc(At, AE) = 2 K(At, AE)
[ANAAE) = g [AN(AE) (4)

Hence one finds the corresponding spectral densities Sg[w, 7(AE)] = [AN(AE))27[1+4
(wr)?]"! and @(w, T(AE)) = [AN,(AE)]>7[1+ (wr)?]~1. Integrating ¢, over
7 with the weight P(7) = 1/7 and using the theorem about mean value one
finds for the total spectral functions g:(w) and 57 (w) the relations

Se(w)/ N = S1(w)/I" = (ANZ)/(wN?) (5)
Taking (AN2?) = BN, and (AN 7)) = BsN; we find the Hooge-like relations

S:(w)/W; = 81(w)/T" = ag/(wN.) (6)

where
ap =~ B5g,7/n (7)

4 Discussion and Conclusions

A dynamical SLEF-based approach to one of the unsolved problems of 1 /f
noise origin and the fluctuators nature discussed in the previous sections leads
to experimentally verifiable conclusions. Eq.(7) enables one to estimate the
parameter ay for different materials.Consider first 1/ f noise generated by re-
versible SLEF’s which produce LTAD’s § = 0.2d of the order of the Lindemann
value not inducing HFA jumps over energy barriers.Local disordering effects
of such LTAD’s are confirmed by the Mossbauer spectroscopy in binary metal
alloys[35).The mean cubic density of such SLEF’s 7 = d~3exp[—AG(8)/kT)
entering eq.(7) contains the activation free energy AG(6 = 0.2d) = AE(8) —
T6S(8). The energy AE(6) is calculated from the relation[28,33,35]

AE(8) = (6/d)2BR, (8)

and 65 = kIn(D,/Donorm)[23a,25,27,28].Here B is the bulk modulus,§2, is the
mean volume per atom, D, is the self-diffusion Arrhenius pre-exponential factor
and Donorm = d2/6AT 2 5 10~%cm?/s.Calculate now the Hooge parameter
ay for metals at T = 300K,eg. for Cu,using Do(Cu) ~ 0.7cm?/s, eqs(7)
and (8) and taking x; = 12,N, = 1, 4, = 1 and standard values for B and
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,. Then one finds ag(Cu) ~ 4 % 1073 that is in reasonable agreement with
experimental observations. '

The strong temperature dependence of ag(Cu) o exp(—AG/kT) can be
expected below the temperature T, at which the SLEF’s of AG(6 ~ 0.2d) =
0.25d eV experience a percolation-like process. This percolation,similar to
those considered for other SLEF-related processes[23a,33,34,35], satisfies the
condition ry4 & Asd ~ 7d. Hence one finds T, = AG(klnAs)~! ~ 500K,
that is in agreement with observations[3].At higher T' > T, ~ 500K the tem-
perature dependence is expected to be weaker or even can be replaced by
some reduction in ay since the SLEF’s of AG(8) start to correlate negatively
to one another that can reduce the SLEF probability. These conclusions are
also in reasonable agreement with observations. Calculate now the Hooge
parameter ags for typical semiconductors at T = 300K .Consider n-Ge with
7 = 10%em™3, g5, = 3% 1074,D, ~ lcm?/s and § ~ 0.2d. In this case one
finds from egs. (3), (7) and (8) 7~ 7 10~°d~3, r; ~ 24d.Hence one obtains
agS ~ 5+ 10~* that is in agreement with observations.Here one can expect
a relatively weak temperature dependence(compared to that in metals) since
F; < Ap = h/(m* * v.) ~ 80d and 4237 ~ 35. Thus every carrier wave func-
tion ”"feels” simultaneously many SLEF-induced random TPDD’s associated
with LTAD’s § ~ 0.2d. A further increase in T' does not change this situa-
tion substantially. However a substantial reduction in T below T; = 200K
which satisfies the condition 74(T1) = Ap can cause a stronger temperature
dependence in ags.

The proposed SLEF-based approach to the unsolved problem of the 1/f
noise origin suggests the following two pairs of wjmin and Tjmas (7 = 1,2) of the
lowest frequencies and longest relaxation time.The first pair associated with
SLEF-induced electronic perturbations in the region of radius r. &~ v.AT =
(102 = 10%)d is Wimin = 27/Timee = 27(A3AT)~! = 2(107 — 10%)s™* and
Timez = ASAT = (10° — 10°)AT for A, = r/dv, = 107 — 10%cm/s and
AT = 3 % 10~135,The second pair is wamin = 27/T2maz = 21r(A%A1')‘1 and
Tomaz = A} AT. These parameters are associated with the SLEF-induced elec-
tromagnetic perturbations of frequency~ 27/A7 = 2(10'3 — 10'2)s~! which
propagate with the velocity c; at distance Rz = cpA7 during A7T;4p =
Ry /d.For semiconductors where ¢y, = 3 * 101%/ngp ~ 10'%m/s one finds
AL = 10% Tomaz & 3 % 1025 and womin & 2% 107257 (ng = 2 — 4). In conclu-
sion, a stochastic dynamical SLEF-based approach to the unsolved problem of
the origin of 1/f noise and its applications to metals and semiconductors is
proposed. A resonable agreement with observations has been found.

We gratefully acknowledge useful discussions with Dr.B.Ashkinadze of the
Israel Institute of Technology.
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ON THE NATURE OF 1/F NOISE IN SEMICONDUCTORS
AT HIGH ELECTRIC FIELDS

E.B. KISLITSYN, S.A. KORNILOV
St.-Petersburg State University of Telecommunications,
Moika 61, 191186, St.-Petersburg, Russia

The experimental study of illumination influence upon 1/f current noise in GaAs avalanche
diodes is described. The main results are: - in 1/f noise formation participate traps; - there
are experimental indications to an additive 1/f noise source existence.

1  Introduction

In [1] a physical model of the bulk 1/f noise has been developed. This model,
like the “surface” model of McWhorter, attributes 1/f noise to occupancy
fluctuations of traps. According to [1], 1/f-like spectrum is formed if capture
cross-section of electrons (for n-type materials) exponentially decreases with the
energy distance from the bottom of the conduction band. This assumption
seems to be realistic.

A review of experiments, supporting the mentioned model, in [2] has been
published. The most important seem to be experiments, demonstrating illumi-
nation influence upon Iff noise spectrum. It was found that the spectrum
modification is produced by the photons with energy close to the energy gap
magnitude. These experiments were carried out on donor doped GaAs and Si
specimens; at that the illumination practically did not affect free electrons con-
centration. So the illumination could influence 1/f noise only by means of the
generation of holes: the holes, captured by traps, change their occupancy and
thus influence 1/f noise of the electron current. In essence light experiments
directly demonstrate a participation of traps in 1/f noise formation.

Let us note two details: a) experiments were carried out at comparatively
weak electric fields; b) at high temperature the influence of illumination upon
1/f noise disappears [2]. '

In [3] the model, proposed in [1], has been used to calculate the magnitude
of the current 1/f noise in avalanche diode. However, operation conditions of
avalanche diodes are so much specific (very high electric field, up to hundreds
kV/cm, velocity saturation, base depletion, impact ionisation of traps), that
arises a doubt about a possibility of the adaptation of any 1/ noise model,
checked at well less fields. :

Aside from the considered publications, the problem of 1/f noise in semi-
conductors at high electric fields in [4-14] has been discussed. The models, de-
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veloped or used in [4-8,10-12], are based on a mobility fluctuations concept. In
[4,8,10] the primary physical source of 1/f noise was not mentioned, in [5-7] it
was attributed to the scattering of electrons on acoustic phonons. In [12] I/
noise of hot electrons was considered as a result of mobility fluctuations arising
due to the scattering of electrons on neutral metastable centres. But the influ-
ence of traps in [13] was not taken into account. In [13] results of the analysis of
I/f noise in IMPATT diodes and oscillators are presented. This work is based
on a model, including two independent 1/f noise sources: charge fluctuations of
traps and fluctuations of drift velocity due to the scattering of electrons on
neutral metastable centres. It was found that theoretical results agree with ex-
perimental data. But the methodology, developed in [13], is rather complex and
results, got in this work, demand an independent confirmation.

So, the problem of I/f noise at high electric fields is not yet clear and de-
mands new experimental facts. In this paper we communicate some experimen-
tal results concerning 1/f noise sources in GaAs at very high fields.

2 Experimental results and discussion

The principal object of experiments was to bring out a role of traps in 1/f noise
formation at high electric fields. The most adequate and direct way to do that
is to investigate a response of 1/f noise to illumination of a specimen under
study [2].

Figure 1: The experimental set-up. 1 - power supply of the avalanche diode 3; 2 - ballast
resistance 600 Ohm; 4 - low-noise transistor amplifier; 5 - spectrum analyser; 6 - power
supply of the incandescence lamp 7, 8 - accessory optical filter.

Experiments were carried out on GaAs diodes by means of the
methodology, described in [3,4]. Me-n-n* uniformly-doped structures without
punch-through were investigated. The diode parameters are: donor concentra-
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tion Np = 1016 em”, depletion layer and multiplication layer lengths ! = 3 ym
and [, = 0.9 ym, structure diameter D = /50 zom. The diodes were operating in
developed breakdown mode, the maximal strength of electric field (in multipti-
cation layer) was about 400 kV/cm. To illuminate the structure a quartz win-
dow in diode package was provided. As a light source an incandescence lamp
and optical filters were used. The experimental set-up is shown in Fig. 1.

10 100 1000 FHs

Figure 2: Noise voltage spectra and characteristics of optical filters (insert).

Fig. 2 demonstrates the illumination influence upon 1/F-noise spectra. The
insert shows spectral characteristics of optical bandpass filters used in experi-
ments. Here A, is the wavelength corresponding to the high-frequency bound-
ary of the filter No. 1, A, = hc /AE, is the wavelength of photons having energy
equal to the energy gap AE, . The wavelength A,, corresponding to the high-
frequency boundary of the filter No. 2, is very close to 4,.

The spectrum 3 in Fig. 2 was measured without illumination. The spectrum
4 was measured by broadband illumination (without filters). One can see that
the light makes the spectrum more flat, suppressing 1/f noise at low frequencies.
To find out what part of light spectrum is responsible for this effect, the
measurements with optical filters were performed. In the case of the filter No. 2
the suppression effect is almost absent (spectrum 2). On the contrary installa-
tion of the filter No. 1 brings to the same effect as by the illumination without
filters (spectra | and 4 practically coincide). These facts mean that the 1/f noise
suppression is produced by photons having energy E falling in the range
he/ ;> E > hc / 4y, i.e. by photons having energy more than 4E,, but close
enough to it. The measurement of the diode resistance has shown that its
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magnitude changes by illumination no more than by 0.2 % . It makes impos-
sible to relate the 1/f noise suppression by illumination with free electron con-
centration change.

These results indisputably prove a participation of traps in 1/ noise for-
mation process. In the main they agree with whose which were got at lower
fields {2]. So the trap mechanism of 1/ noise, developed in [1] and outlined in
Introduction, can be extended, at less qualitatively, to the case of very high
electric fields.

Let us discuss another interesting question. Experiments, carried out at low
electric fields, have shown that the effect of illumination on 1/f noise depends
on temperature. Being well pronounced at low and room temperature, it weak-

ens with temperature nse, disappearing for GaAs at 430 K (N, = 10 em™) [2)
and 540 K (N,, = 10 em’™) [14]. Our experiments were carried out at 480 K

(Np =10 N cm ) One can sce from Fig. 2 that in our case illumination sup-
presses noise level at low frequencies, but this effect is rather weak (near 3 dB).

A simple explanation of these facts can reside in existence of an additional,
insensitive to illumination, 1/f noise source [14]. In line with two-noise source
model described in [13] (see Introduction), this unknown 1/f noise source can be
associated with velocity fluctuations arising due to the scattering of electrons
on neutral metastable centres. It is, certainly, only a suggestion. However there
is an interesting way to clarify the question, at least in part.

To distinguish, is 1/ current noise related with concentration fluctuations
or with mobility (velocity) fluctuations, the magnetoresistance methodology
was used [2]: experiments at low temperature have shown that 1/ noise in
GaAs manifests itself as concentration fluctuations. This result supports the
trap model of I/f noise. But does it held at high temperature, when 1/f noise
does not respond to illumination? It is clear, that extension of mentioned meth-
odology to the case of high temperature could give an important information.

3 Conclusions

Experiments, carried out on n-GaAs avalanche diodes and the discussion of
results have brought to conclusions:

1. At high electric fields, just as at low, the participation of traps in 15
noise formation is indisputable.

2. Some experimental results point to the existence of an additional
1/f noise source which is insensitive to illumination and prevails at high tem-
perature. This noise source can be associated with drift velocity fluctuations,
arising due to the scattering of electrons on neutral metastable centres.
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3. To prove the additional 1/f noise sources existence and to establish its
physical nature we need more experimental data. We must find answers to the
questions:

(i) Does manifest itself 1/f noise at high temperature in the form of velocity
fluctuations? The magnetoresistance methodology seems to be suitable to get
the answer, at least at low field conditions [2], but as against [2] the experiment
should be carried out at high temperature. '

(ii) If so, then: Is the scattering on neutral metastable centres the principal
primary source of 1/f velocity fluctuations? This question seems to be a difficult
one. Its discussion hardly make sense till the answer to the first question will be
found.
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1 Introduction

The low-frequency noise spectrum in semiconductors and semiconductor de-
vices is usually represented well as a superposition of 1/f noise and of one or
several Lorentzians. However, for GaAs MESFETs it is often observed, that
the low-frequency noise is a superposition of Lorentzians and of the noise with
the spectrum of the type 1/f7, where 7 lies in the range 1.3-1.5 [1-4]. It is
customary to associate the 1/f1-° noise with the diffusion noise [5], or with the
surface thermal noise [3].

However two different cases should be distinguished in the 1/f-5 problem.

On the one hand the S ~ 1/f!® dependence is observed in condition of
the weak temperature dependence of the noise. This case may be observed
either for volume or surface noise sources. The models discussed in Refs. [3,5]
can be applied for this cases.

On the other hand noise with the spectrum 1/f”, where v = 1.3—1.5, is of-
ten observed in the temperature range, where generation-recombination (GR)
noise due to a local level is a dominant component of the low-frequency noise.
In this paper we will demonstrate that this phenomenon can be caused by
the impurity level broadening which arises in any real crystal because of lo-
cal stresses, lattice defects, doping inhomogeneities etc. However in order to
explain the experimental dependences one has to suppose very unusual form
of the level broadening, exponential temperature dependence of the capture
cross section (¢ = o exp(—E1/kT) and linear dependence of E; on level po-
sition. By this means the validity of the model, proposed in this paper, must
be supported or argued by other experiments.

2 Results and discussion

Fig. 1 shows the temperature dependences of the spectral density of channel
resistance fluctuations, S = Sg/R? in a GaAs MESFET. The equilibrium elec-
tron concentration in the channel ng is 1017 cm~3, and the channel volume V is
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Figure 1: Temperature dependences of the spectral density of resistance fluctuations for a
GaAs sample.

2 x 10~2 cm®. For details of sample parameters and experimental conditions,
see [6]. It easy to check that in temperature range 200 < T < 300 K the
frequency dependences of noise closely follow the 1/f-%law. Fig. 2 shows tem-
perature dependences of the spectral density of channel resistance fluctuations
for SiC FET. The equilibrium carrier concentration in the channel is 1017 cm ™3,
the channel volume at the gate voltage U, = 0 is equal to 5 x 1071% cm3. The
drain-source voltage Ujs = 1 V corresponds to the ohmic regime. Details of
the sample parameters are given in [7]. It easy to check again that at tem-
peratures corresponding to the left (low-temperature) edges of the peaks in
Fig. 2 (440 < T < 500 K) the frequency dependences of the noise follow the
1/f1® law. Similar behavior is observed for 4H-SiC FETs at high temperatures
T > 640 K [8].

In Ref. [9], S(T) curves have been presented for Si JFET. The value of ¥
calculated for the low-temperature peak edges is 1.4.

Strikingly similar results obtained for such different materials as GaAs,
SiC, and Si led us to think that the 1/f1'% noise has its origin in some general
properties of local levels in semiconductors.

Consider first data for SiC since in this case the GR noise due to the local
level can be clearly separated from other noise sources. The full curves in
Fig. 3 show S(f) deduced from Fig. 2 for four frequencies. These curves are
plotted after substraction of the background noise (broken curves in Fig. 2).
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Figure 2: Temperature dependences of the spectral density of resistance fluctuations for a
6H-SiC sample [7].

Fig. 3 clearly demonstrates that the peaks in Fig. 2 are due to GR noise
caused by a single local level.

With the “best fit” method the following values were determined from
the experimental curves S(T') shown in Fig. 4: E; = 0.3 eV, E; = 1.1 eV,
00 = 5x 107 cm?, N; = 5 x 10'®cm=3. The broken curves in Fig. 3 show
the results of computer simulations of the GR noise, using to standard ex-
pression [10]. The exponential temperature dependence of the capture cross-
section ¢ is taken into account. It is seen that the calculated and the measured
dependencies Spax(f) and Thmax(f) are in a good agreement. However for low-
temperature edges of the peaks the slope of the experimental curves is less
than that of the calculated curves at any frequency. It is this difference that
leads to the frequency dependence S(f) ~ 1/f'®instead of S(f) ~ 1/f2 for
steeper calculated curves.

The observed broadening of the S(T') peaks can be accounted for by the
broadening of the local level.

The broadening of impurity levels is often invoked to explain experimental
DLTS data [11,12]. However, the effect of level broadening on the shape of
noise spectra S(T") has not been previously discussed.

When the broadening effects have to be taken into account, the impu-
rity band with distribution function p(E) must be considered. The density
of states p(E) providing the best agreement between the simulation and the
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experimental results is shown in Fig. 4 (inset).

The dependences S(f,T) were calculated by integrating standard expres-
sion weighted with the density of states p(F) over energy.

The results show that if the activation energy E; is independent on energy
E, there is no accordance with the experiment for any p(E).

We used the simplest model assumption of linear relation between E; and
E with a single fitting parameter g [14]:

Ey = Eig+ B(E — Ey) (1)

where Ei; is the activation energy for E = Ej.

Assuming the above dependence E}(E) we succeed in fitting well the re-
sults of the calculation to the experiment. Fig. 4 shows the experimental S(T')
curves for SiC (the same as in Fig. 3) and the best fitting results of calculation.

Similar results were obtained for GaAs [10]. However the very special form
of the line and unusual dependence of the activation energy E; on level po-
sition in the forbidden gap have to be assumed to explain the experimental
results. Hence the independent experiments with low-temperature optical im-
purity spectroscopy of high resolution have to be provided to confirm or argue
against this phenomenological model.
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TEMPERATURE DEPENDENCE OF 1/f NOISE

X. Y. CHEN
Dept. of Electrical Engineering, Eindhoven University of Technology
5600 MB Eindhoven, the Netherlands

We discuss here the temperature dependence of 1/f noise in semiconductors. The experimental
results from InP and GaAs epitaxial layers are presented. Previous measurements on
semiconductors like InSb, Si and Ge are reviewed. No single model can explain all the findings.

1 Introduction

In homogeneous samples of semiconductors the 1/f noise can be described by
equation (1).! The 1/f noise is characterized by a parameter o

2T TN @)

Various trends in the temperature dependence of o have been observed. The
problem is: the existing models that work well at a constant temperature do not
explain the temperature dependence of o.

In this contribution, we present recent results of the temperature dependence of
o measured on InP and GaAs. For a review of the problem, all results from the last
15 years are also cited here. We may have some possible explanation for each
specific situation. However, we do not understand the general results.

2 Experimental results of o (T).

2.1 The results for InP

We measured the noise in -
unintentional doped InP grown by ot %
chemical beam epitaxy (CBE). A series P
of samples are used. Gradually, we have 1t b {16%
succeeded in improving the quality of .
the samples. Figure 1 shows the T
temperature dependence of o. InP Ry

In fig. 1 we also plotted the results sl _7
reported by Tacano et al.> who measured  °2 4 6 & 10 12 14°
the noise in heavily doped so-called FIB 1000/T (K
InP samples. The noise level is more Fig. 1. o (T) in InP.
than two orders lower than in our e Tacano’s InP.2 The others are CBE
samples. InP, O : the purest CBE InP.

m
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2.2 The results for GaAs

‘When studying the annealing effect
on the proton damaged GaAs, we
measured the temperature dependence
in MBE (molecular beam epitixy) GaAs.
The results are given in figure 2. The
damage by proton irradiation introduces
the excess 1/f noise that can be reduced
by annealing. Annealing can repair the
lattice to a certain extent® In figure 2
we plotted the results for GaAs reported
by Ren et al..* and for InGaAs hetero -
structure by Tacano et al. '

2.3 The results for InSb

Alekperov et al% 7 reported the
results for single crystal InSb. The results
based on n-type InSb are shown in figure
3. When the distribution of impurities in
the sample was inhomogeneous, the
noisc becomes high and . weakly
dependent on temperature like date series
of 1. For p-type InSb, the original paper
showed the relative voltage fluctuation
Sv / V2 versus temperature instead of o.
The noise level increases with decreasing
temperature.’

2.4 The results for Si and Ge.

The temperature dependence of the
l/f noise in Si has been intensively
studied. Clevers® reported many data
from single crystal Si. It was shown that
in all cases the noise was bulk noise.

Various trends in the temperature dependence of o have been observed. There do
not seem to be any reproducible results for different samples with different doping
levels and different structures in geometry. He concluded that the different ways in
which the samples were prepared might create different temperature dependences.

o 4
al a

10 a

a

10% f\‘/—-‘
4 InGaAs hetero

W

%
-5 L
wp A

109F x

2 4 6 8 10 12 14
1000/T (K"
Fig. 2. o (T) in GaAs and InGaAs®
®: MBE GaAs; A x: Ren;* A: Tacano.’
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10 7 T

InSb

10 L 1 ! . )
2 4 6 8 100 12 14

1000/T (K')
Fig. 3. o (T) in InSb (Alekperov )
+: With inhomogeneous distribution
of impurities, ®: purer InSb.

Figures 4, 5 and 6 show the results reported by Palanskis et al.,° Luo et al.,'° and

Bisschop et al.."!
One can conclude:




n-Si

2 4 6 8 10 12 14
1600/T (K

Fig. 4 o (T) in crystal n-Si.
©: Palenskis;” 00®: Luo;'® ¥: Bisschop."'

13

a) Various trends of o(T) exist, even
in the same material.

b) The value of o scatters on a large
scale in the same material with different
doping levels.

3 Discussion.

3.1 Temperature dependence

Usually the 1/f noise increases with
increasing temperature. The dependence
of the 1/f noise on temperature could be
anything if there is non-bulk 1/f noise.
Therefore we would rather concentrate
on samples where the bulk 1/f noise
dominates. For these samples a

promising common trend of temperature dependence of 1/f noise can be found.
Generally in a good quality material like MBE, CBE growing semiconductors and
pure crystal semiconductors, the temperature dependence of o. composes of two
branches, (i) a branch independent of temperature at lower temperatures and (ii)
another branch with strong dependence on temperature at higher temperatures. The
latter can be fitted either by an activated process or by a power law as expressed in
equation (2) and (3). The activation energy AE or the power constant  is different

in different cases.

—AE
=0, +bxex ——), )

KT

a=o, +PT, ©))

where oo, b and P are temperature
independent.

In a narrow temperature range it is
very hard to distinguish between the
curves of equation (2) and (3), because for
each value of AE one can always choose a
proper value of y that makes the curve of
equation (3) very close to the curve of
equation (2). AE was found between 0.1
and 0.2 eV. However, what that activated

10 oo
[-3
° p-Ge
10
10*

1000/T (K

Fig. 6. o (T) for Ge from Bisschop."!

process is, is a mystery. v is then found between 3 and 6 around room temperature.
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Luo et al'® also offered an alternative
explanation by assuming that the U/f
noise originates in a thin surface layer via
carrier trapping at the interface to the
oxide layer or in the layer itself. Tacano
et al®> > observed the temperature
dependence of o in ITI-V compounds.
They interpreted it by the Handel’s
quantum theory.

10°

10?

10

10°F 3.2 Wide range of o, values

The wide range of o values was not
only found in the experiments discussed
above, it is quite common. To solve this
problem, Hooge and Vandamme'?
proposed a model in which only lattice
scattering shows 1/f noise when several scattering mechanisms are present. Then o
can be expressed by

2 4 6 8 10 12 14
1000/T (K
Fig. 5. o (T) in crystal p-Si.
O:Ref 9 OO ®:Ref 10 ¥:Ref 11.

2
a=(“mmJ . @

Hiatt

where pu.y is the lattice scattering mobility, pme.s the measured mobility and oy, a
constant depending on the material. This model can explain the wide spread of o in
good quality samples of the same material. Each material can be characterized by a
value of oy .y, but oy, has different values
in different materials. At room temperature,
Opae & 5-7 x 10™ for GaAs,* > ' oy ~

10°

3x10”. for InP,"* oy ~ 2x107 for Si."
However, this model does not work so well
at 77 K where we do not always find o
proportional t0 Ppea>. ® ' Except for the
recently published results for InP at 77 K,'°
there is no evidence for the correctness of
equation (4) at 77 K.

The temperature dependence of oty
can be determined from equation (4) for a
material. Palenskis et al.’ reported that the
temperature dependence of o in a Si sample
follows the temperature dependence of
(Mmeas/Mian)’, and hence that oy, is a

CGlpay
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InP

6 8 10 12
1000/T (K"

Fig. 7. oty (T) for CBE InP.

o : the purest sample.
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constant. Later Bisschop et al.'’ measured the noise from a series of samples with
different impurity scattering, the model o Hmeas. holds at temperatures down to
150 K, not at temperatures below 150 K. He proposed that when a sample is pure
enough the measured o is ou.«. He concluded a thermally activated process as in
equation (5) for o in Si and Ge where AE ~ 0. 1eV. However, we are left with the
problem why the model of the 1/f noise in lattice scattering can not explain the
results for highly doped Si at low temperatures. More recently, Ren et al.* used a
series of n-GaAs samples with different contributions from impurity scattering.
Their results again showed that the model holds above 150 K. He ended the
discussion by simply taking oz.. equal to a constant 7x10® (=A) at lower
temperatures. ou .. is also described by equation (5) with AE = 0. 13eV.

oy = A +Bexp(— %) . ®)

Our low temperature results for the purest InP sample are not consistent with
the results given above. While cooling down the purest InP samples, the a. value
passes through a minimum and then increases again with decreasing temperature.
In the other InP samples, o is temperature dependent and more or less follows
equation (2). All results, including Tacano’s, fit equation (4) at 300 K-and 77 K.
By using equation (4) we obtain a temperature dependence of o,y for all InP
samples. The temperature dependence of ou . plotted in figure 7 is similar to that of
o from the purest sample. We do not understand why ou.« depends on temperature
in this way. Such temperature dependence of o,y was also found with other pure
semiconductors. Tacano et al. measured the noise in heterostructure devices where
the 1/f noise comes from two-dimensional electronic gas in the undoped channel.
The noise increases with decreasing temperature below 150 K (see Fig. 2).
Bisschop obtained such a trend in his purest Si sample too (see Fig. 6).

4 Conclusions and questions

Bulk 1/f noise of semiconductors has various temperature dependences. In a
good quality sample the 1/f noise increases with increasing temperature. At high
temperatures, around room temperature, the 1/f noise can either be described by a
thermally activated process or by a power law. It is not understood what causes this
dependence. The model with 1/f noise in the lattice scattering can successfully
explain most results at higher temperatures, but not all at lower temperatures. Oan
in pure samples increases with decreasing temperature. We do not understand that
at all.
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It is assumed that fluctuations of some GR-levels in a semiconductor material are modulated
by an underlying 1/f noise process with unknown physical origin. In accordance with
empirical findings the Hooge coefficient o can be related to the lifetime T of charge carriers.

1 Introduction

In context with a homogeneous semiconductor resistor, Hooge ! experimentally
found the relation

Su(f) = (Ig*/ No) (ax / f) )

Herein Sy(f) is the power spectral density of a fluctuating current I(t); I, is the mean
of I(t). Npis the mean number of free charge carriers and oy is the Hooge coefficient.

Recently, in semiconductors Lukyanchikova et al. 2 found empirically that the 1/f
spectrum is closely related to the spectrum of GR-noise (GR=generation-
recombination). The power spectral density of GR-noise is given by

Ser(f) = 4 (I* / No) (<AN?> / N) © / { 1+(2rfr)’} 2
Herein, <AN>> is the variance of fluctuations originating from some GR-levels; t is
the mean lifetime of charge carriers. For finding whether 1/f noise is proportional to

<AN?> and/or 1, the temperature dependence of oy was investigated. As a result, oy
was found to be only temperature dependent on T and

ay=Pp1 3

17
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Lukyanchikova 3 investigated this relation for different semiconductor materials and
found that (3) is valid for 1 ranging from 10 to 10"°s. Since B is ranging only from
0.5%10% to 10° s, B was suggested as a better measure for 1/f noise.

For interpreting empirical results, it is assumed that 1/f noise essentially is GR-
noise which is modulated by a slowly varying time function. In this context, a
mathematical model where 1/f noise is described as a modulated noise process is
appropriate. In the next chapter, such a model, the clustering Poisson process is
presented as a possible candidate and is generalized for applying also to a GR-
process. Here the unsolved problems are: how can the cluster model be modified to
apply to semiconductor physics? What are the predictions of this model? Is the
Hooge formular still valid? How is about the temperature dependence?

2 1/f noise interpreted as modulated random noise

It is wellknown that shot noise is due to random occurrence of elementary current
impulses. The random occurrence is described by a homogenous Poisson process for
which the mean rate of impulses is constant in time. The spectrum is white upto a
frequency inverse to the lifetime of impulses and is denoted Sgo ().

The case, the mean rate of impulses is no longer constant but is modulated in time
by an underlying fractal noise process, has been investigated by Griineis etal*’,
Such a process is constructed by a random succession of clusters of electrons and
was denoted the clustering Poisson process (=CPP). Electrons in the cluster are
supposed to occur at random; let A be the time between electrons in the clusters.
Denote m the number of electrons in a cluster and p, the probability of finding m
electrons in a cluster with m = 1,2,..N,..; N,.x is @ maximum cluster size. For Pm ~
m?, a pure 1/f shape is obtained. In this case, a mean cluster size <m> = £ mp,, =
0.6 In N,,,x and a mean cluster duration 1, = <m><A>. For the CPP the spectrum is
within the scaling region expressed by

() =Sualf) { 1+ (£/£)°) )
In addition to shot noise one obtains a 1/f noise component which is due to cluster

formation. b is the fractal exponent. f, is the frequency where 1/f noise is equal to
shot noise. It was shown that

f, =1/31, &)
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and thus is equivalent to the mean correlation time of 1/f noise. Since 7. is only
dependent on the cluster parameters, f; is a quantity independent of shot noise. The
second term in (4) can formally be compared to Hooge’s relation (1) resulting in oy
= 2f.1. For this reason, the CPP is a possible candidate for an interpretation of
empirical results of (3) which is presented in the following.

3 How can the cluster model be applied to semiconductor physics?

As was shown by Van der Ziel ®, GR-noise can be understood as being caused by
fluctuations in the rate of generation and recombination and the theory of shot noise
applies to both. Regard some GR-level between the c-band and valence band; here
any levels as concerns traps, donors and recombination centers may be taken into
account. Assume this GR-process is modulated as described by the CPP. By analogy
to (4), the spectrum is expressed by

S() = Sgr(f) { 1+ (£./£)° } = Ser(D) + Si(f) ©)

Denote by <AN?,;> the variance of fluctuations of some GR-levels which are
supposed to be responsible for 1/f noise. When this GR-level is identified <AN% >
can be calculated as described by Burgess *. Then, according to (2), the first term of
(6) is the GR-spectrum which writes as

Ser(f) = 4 (I / No) (<AN? > / No) T / { 1+(2nf1)*} (7

The second term S,«(f) is due to cluster formation which is modulating the GR-
process. In combination with (7), the second term of (6) is expressed as

Sif) = Sor(®) (£./ )" = 4 (1"No) (AN’ >/No) T (£/£)° / {1+ 2nf1)’}  (8)
For b =1 and f < 1/2xT, this is compared with (1) giving rise to
oy = 4f,(<AN?>/Np) 1 )
Inserting (5), oy can be given an even more informative form

oy = (<AN*x>Ng) (T/7) (10)

i
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In this form, Hooge’s constant is related to the ratio between the mean lifetime T of
charge carriers and the mean duration 1. of clusters and to the contribution of
fluctuations <AN2|,f>/No of the GR-level which is supposed to be responsible for 1/f
noise.

4 Discussions and Unsolved Problems

The results of this paper are based on the supposition that electrons in some GR-
levels are generated and/or recombined in clusters. As a consequence, there are two
contributions in the spectrum: the usual GR-spectrum which is due to the overall
occurrence of electrons and a 1/f noise term which is due to cluster formation. For a
clustered GR-process, in principle any level between valence and c-band may be
taken into account. The results of the model are:

- the proposed model is a number fluctuation model,

- the Hooge formular is still valid,

- in accordance with empirical findings of (3), oy is found to be proportional to T,

the Hooge coefficient oy of (10) is essentially given by the quotient of two time

constants: lifetime of charge carriers and mean cluster duration; since oy is a

dimensionless constant this is a reasonable result,

- oy is also proportional to <AN? 4> describing the contribution of the unknown
GR-level responsible for 1/f noise. This is not in contradiction to the'empirical
results of Lukyanchikova et al. 2, however the levels contributing to
their <AN”> have to be excluded as possible levels giving rise to 1/f noise,

- at sufficiently high frequencies, 1/f noise is followed by a plateau as given by (7);
this plateau however, may be buried in thermal noise or GR-noise of other origin,

- often oy is measured as a function of temperature T; relation (3) suggests
to separate the dependence on T and to measure B(T) = oy(T) / 7(T).

An unsolved problem is the formation of clusters of electrons in the GR-process
which may be due to a physical process of unknown origin. Among many other
possibilities one may ask: ,

- is there some tiny correlation between electrons?
- is there the possibility of recombination via many levels of dislocations which may
lead exicitation of electrons in shallow traps?
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ANOMALOUS ADDITIONAL LOW-FREQUENCY NOISE OF SURFACE
ORIGIN GENERATED IN THIN GaAs AND InP LAYERS
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H-1521, Hungary
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Research Institute for Technical Physics of the Hungarian Academy of
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Pure 1/f noise enhancement in the Low-Frequency Noise (LFN) spectrum of planar
unpassivated InP and GaAs resistor samples has been measured under the influence
of surface contamination. Furthermore, noise enhancement reminiscent of a resonant
curve is superimposed on the LFN spectrum of surface passivated GaAs planar
resistor samples. The physical background of these phenomena is presently
unknown,

1 Introduction

Previous investigations on the low-frequency noise (LFN) behaviour of GaAs and
InP have shown that the surface related additional noise components are by no
means negligible. Furthermore, it is also clarified that the additional noise is generally
due to process induced defects. Thus, the LFN measurement technique is an
effective inspection tool in semiconductor technology.

The most common form of the additional LFN is the generation-recombination
(G-R) noise having a Lorenzian spectral distribution and characteristic temperature
dependence. Furthermore, additional 1/ noise is mostly a characteristic of
semiconductor crystals of poorer perfection. Clearly, 1/f noise is mainly a bulk
effect. Nevertheless, under the influence of controlled contamination on the free
semiconductor surface, additional noise of surprisingly pure 1/f spectral distribution
was observed. It was experimentally proved that the additional 1/f noise is of surface
origin, and was dominantly observed for InP.

In other cases, if certain passivation technologies were used, an unusual
selective enhancement of the LFN spectrum has been observed, reminding one of a
resonant curve. The frequency of the enhancement was strongly temperature
dependent. This effect is certainly caused by an unknown flaw in the passivation
technology and has been observed - very rarely - for GaAs.
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2 Experiment

In this work LFN measurements have been carried out on surface sensitive planar
resistors. The length and the line width of the resistors were 800 and 40 pm
respectively. The resistor chips were fabricated by wet chemical MESA etching on a
thin (~300 nm) n-doped (n = 2x1017 cm-3) MOCVD InP or VPE GaAs layer, grown
in both cases on a semiinsulating substrate. The layout of the patterns was the same
as published in [1]. High quality Ohmic contacts were fabricated on the samples {2].
The samples were either exposed in a N7 atmosphere to a saturated vapour of water,
methanol, acetone or chloroform acting as contaminants, or were passivated by
different techniques as will be detailed later.

To convert the resistance fluctuation to LFN voltage an inspection DC current
was applied. Depending on the sample resistance this current was set to a value
which caused a DC voltage drop of 8 V across the resistor. Thus, a longitudinal
electric field strength of 100 V/cm was present in the sample. Both of the DC
resistance and the noise spectra (frequency range: 2 Hz..20 kHz) were carefully
monitored during the experiments.

In the case of the unpassivated samples, the LFN and the DC resistance were
monitored during the exposure time. After each contamination cycle the surface was
cleaned by a special technique [1], using UV light.

In the other case, the selective enhancement in the LFN spectrum was measured
after the following passivation technologies has been applied to the GaAs samples:

a)) Passivation by RF-sputtered Si3N4 (Target-temperature: 30 °C, N»p pressure:
5.2x10-3 mbar, acceleration voltage: 1.4 kV, process-time 10 min.)

b.) Hg sensitised photo-CVD of SiO2 layer [3]. (Target-temperature: 150 °C,
thickness: 100 nm)

The passivated samples were investigated by measuring the temperature
dependence of the LFN spectra and the DC sample resistance in the temperature
range of 0 - 80 °C. ’

3 The unsolved problems

a.) 1/f-type additional noise. - While exposing the samples to the contaminating
atmosphere, the noise and resistance started to increase for both of the GaAs and
InP. After a maximum value has been reached, the noise started to fall moderately
[1], [4]. An excellent 1//~type additional noise of high intensity was generated in InP,
and the maximum noise enhancements were about 40, 25,6 and 2 dB for water,
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methanol, acetone and chloroform, respectively. Fig. 1. shows the noise
enhancement for InP under the influence of water. For GaAs on the other hand,
smaller and only nearly 1/flike additional noise has appeared in case of water and
acetone [1]. The maximum enhancement caused by water was only about 19 dB.

[{,. 50 LLELILLLY B e R L T TTIm
o 50 Fig.1. LFN spectra measured on
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S -20 —— and 45 min contaminating exposure.
2_30 1 |||||J1L (RN 1 |||||_|,u_J

1 10t 102 108 104
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The shapes of the resistance transient curves [4] were monotonically growing
for the organic solvents, but a local minimum appeared for water in the InP samples.
The total change of the resistance was in all cases less than 10%. (The resistance
change of the InP samples was 7% for methanol and water and only about 3% for
acetone and chloroform.)

The mechanism of the generation of such a perfect 1/f noise due to surface
contamination is not yet understood completely. Namely, it cannot be explained by
the decrease of the mean carrier number caused by the widening of the surface
depletion region [1], since this change is too small. Clearly, a 10 % increase of the
sample resistance indicates a decrease of the mean carrier number in the same order,
which would only cause about 0.41 dB increase in the 1/f noise, due to Hooge's
empirical equation. Unfortunately, other models based on fluctuating defect states
[5] are also insufficient to explain such a high intensity 1// additional noise.

Furthermore, the extra noise can be cancelled by UV illumination (A ~ 400 nm)
and by simultaneous moderate heating of the sample in a pure N3 atmosphere [1].
It should be noted that the heating alone does not cancel the noise. This fact gives
evidence that the additional 1/f noise is caused by the adsorption of the
contaminating materials. Probably they adhere to the semiconductor surface in the
form of radicals. Regarding the photon energy of the recovering UV light, the
attributed formation energy may be at about 2 eV. The noise enhancement and the
accompanying resistance increment monitor this process. However, it is not clear
while the additional noise is pure 1/f- type in many cases?
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b.) Additional noise with resonant enhancement. - Certain passivation
technologies for GaAs, as detailed previously, result in an unusual LFN
enhancement, which looks like a resonant curve. Fig. 2. demonstrates that the
frequency of the peak enhancement f, is temperature dependent, for both of the
passivations by sputtered Si3N4 and by the photo-CVD of SiO5.

Furthermore, there is a decrease of the frequency of the peak enhancement, if
the DC voltage on the sample increases. This decrease is only slight for the
samples passivated by Si3N4, but considerable greater for the passivation by photo-
CVD of SiO;. Below a DC field strength of about 60 V/em in the sample, the
anomalous enhancement has been hidden in both cases.

Additionally, if the samples were illuminated by visible light, the resonant
enhancement has vanished by an accompanying moderate increase of the 1/f noise.
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Fig. 2. Anomalous peak enhancement in the LFN spectra of surface passivated GaAs resistor
samples in the temperature range of 10 - 80 °C, measured just afier processing. Results for
passivation by sputtered Si3Ny and for passivation by photo-CVD of SiO» layer are given.
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Moreover, a long-term drift of the shape of the spectra has been observed in a 3
years interval, and the frequency of the peak enhancement f, has shifted toward
higher frequencies with the time. This is illustrated in Fig. 3.

Due to the temperature dependence of f, an Arrhenius plot of (72) has
been constructed for the different cases (Fig 4.). Note that t= (27nf,)-1.
Calculation of the activation energy resulted in a well-defined level at about 600
meV for the passivation by photo-CVD of SiO2 just after processing. For the
samples passivated by SizN4 on the other hand, a level at about 880 meV has been
found after processing, but 3 years later a lower value of 600 meV has been
determined.
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4t i by photo-CVD of SiOy just after the
I A 5 ] processing (-92). For the samples
”; al passivated by Si3Ng the plot is
~ Si_N.-95 | constructed after processing (-92) and
(9] a4 1 3 years later (-95).
2,1 |
N Pll\oto—CVD. SiOz'-QZl
28 3 3.2 3.4 3.8

1000/T, 1/K

These observations suggest that slow surface states (deep levels) are formed at
the interface of the semiconductor and the deposited dielectric layer. However, the
spectrum of the additional noise is very different to the Lorenzian one. Clearly, the
derivative of a spectrum consisting of a 1/f spectrum and one or more Lorenzian
components can never be positive. Due to the field-strength dependence and the
long-term drift phenomenon the physical picture is further complicated and is not yet
clear. Moreover it is not understandable why the two basically different passivation
technologies can lead to the same unusual type of the additional noise.

4 Conclusion

Summarising the observations it should be stated that additional noise of unknown
origins has been generated in special compound semiconductor structures. Without
passivation these have often the form of 1/f -type LFN, thus complicating the
separation of noise components of bulk and surface origin. Otherwise, some
passivation technologies - however under unknown conditions - are able to generate
very disturbing additional noise reminding us of a resonant enhancement in the
spectrum. Additionally, this latter effect shows a long-term drift ranging even after
several years. The exact physical background is presently unknown.
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In this paper we review the unsolved problem surrounding the exact relationship
between noise, zero point energy and vacuum fluctuations. We survey the unre-
solved debate highlighting marked differences of opinion in the literature. Much of
the uncertainty is shown to be due to unresolved fundamental issues in quantum
mechanics.

Introduction

If we consider the thermal noise across a resistor R, loaded by a capacitor C, we
can classically calculate noise over the total bandwidth. This has been carried
out ! for the various limiting cases of R and C and the results are displayed in
Table 1.

Table 1: Thermal noise over infinite bandwidth for different cases of limiting R and C.

Classical Quantum
(vd)  (3) {e2) (v2) (%) {a2)
R — 0 Shorted Cap| 0 0 0 0 0 0

R — 0oOpen Cap. % (de) 0  kTC (dc) % (de) 0 kTC (dc)
C — ooShorted Res.| 0 ) ) 0 Z(nkT)? oo
C — 0 Open Res. o0 0 0 |2B(xkT)? 0 0

If we examine the classical solutions in Table 1, the most obvious problem

with thermal noise formula (v2) = 4kTRAf is that it classically predicts infi-
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nite noise voltage for C — 0 and infinite noise current for C — oco. This is an
analogous situation to the black-body radiation problem where the Rayleigh-
Jean’s law suffers from the so-called ultraviolet catastrophe ~ the divergent
black-body curve having infinite area over all frequencies. Anticipating this,
Nyquist 2 in 1928 suggested replacing kT with the one-dimensional form of
Planck’s law

hf
ehf[FT — 1 (1)

which reduces to kT as f — 0 and rolls off for Af > kT. This roll-off conve-
niently imposes a physical limit on the bandwidth and we see for this quantum
case, in Table 1, that the infinities in question disappear. The remaining infin-
ity for noise charge, in the quantum case, is not a breakdown of quantum theory
but is due to C — oo becoming an infinite store of chargel. C — oo can be
thought of as being modeled by an ideal voltage source and note, furthermore,
that the noise process becomes non-stationary.

So far so good, Nyquist’s quantum term successfully removes the unwanted
infinities, however introduces a new set of problems. Firstly, this quantum
term, alone, is obviously inadequate as it predicts that we can communicate
with noiseless channels if Af > kT (ie. in the Tera Hertz band). This is no
longer an academic question as gallium arsenide resonant tunneling quantum
electronic devices now operate in the THz domain. Gallium arsenide detectors3
and sources 4 of THz radiation have been reported.

A second problem is that the quantum term, in Eqn. 1, predicts zero energy
at T = 0 which is a violation of the Uncertainty Principle. As we shall see the
solution to this creates a further conundrum.

2 The Quantum Energy Catastrophe

During 1911-12, Planck’s ‘second theory’ produced the following modification
to the quantum term ®

hf hf Rk
eh—f/ﬁ_—l'*‘T:hfcoth (%_,) 2

The extra hf/2 term is called the zero-point energy (ZPE) and in this case,
at T = 0, the Uncertainty Principle is not violated. This creates a further
conundrum in that hf/2 is infinite when integrated over all frequencies, which
is an apparent return to the type of ‘catastrophe’ problem we saw in the clas-
sical case. One can only assume that Nyquist accordingly did not suggest this
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form and probably would have been aware of Planck’s own misgivings concern-
ing the experimental objectivity of hf/2. The inclusion of hf/2 in standard
noise texts only became popular after 1951 following the classic work of Callen
& Welton ¢ that produced the hf/2 ZPE term as a natural consequence of
their generalized treatment of noise in irreversible systems using perturbation
theory.

The solution to the catastrophe problem is that hf/2, in fact, turns out
to be the ground state of a quantum mechanical oscillator. If n is the quantum
number, which is a positive integer, then the allowed energy states for a quan-
tum oscillator are (n + 1)hf and thus the ground state is given when n = 0.
As there is no lower energy state than the ground state, there is no energy
level transition available to release the ZPE. Therefore it can be argued that
hf/2 should be dropped before integration of the quantum expression. This
procedure is an example of renormalization, which basically redefines the zero
of energy. Renormalization is a significant area of quantum field theory and is
usually presented in a more formal manner. The problem of renormalization
is an open question in the theory of gravitation where there is the apparent
catastrophe of total energy becoming infinite. For most laboratory measure-
ments there is no catastrophe as we are only interested in energy differences.
It is rather vexing that many basic texts herald quantum theory as removing
the classical catastrophe, without admitting to the new set of catastrophe type
problems it introduces such as in gravitation - a modern fully covariant theory
of renormalization 7 resolves some problems, but the case is not yet fully closed.

. The fact that the ground state energy, which we call ZPE, cannot be
released means that texts that quote the Callen & Welton hf/2 term as an
observable noise component are not strictly correct. However, by coincidence it
turns out that the mean square of the zero point fluctuation (ZPF) also has the
hf/2 form®. The mean square does not vanish with renormalization, of course,
and this ensures the Uncertainty Principle survives renormalization. The mean
square fluctuation is a detectable quantity and represents the magnitude of
the ZPF. This noise starts becoming significant, just when the thermal noise
begins to roll-off, in the THz band, thus preventing the possibility of noiseless
communication.

Each mode contributes hf/2 towards the mean square fluctuation and, for
an infinite number of frequencies, the magnitude is infinite. It is considered
that this infinity is not fundamental, since the measurement conditions have
not been specified. It can be shown?® that for any finite observation bandwidth
and volume of space the magnitude of the fluctuations of a quantum field is
finite — if either the bandwidth is infinite or the measurement is evaluated at
a point in space then the fluctuations become infinite.
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3 The Steak Grilling Debate

In 1982, Grau & Kleen expressed the view that hf/2 is both unextractable
and unobservable, adding their memorable rejoinder in the Solid-State Elec-
tronics journal that hf/2 is not “available for grilling steaks” °. Uncannily,
about the same time Koch, Van Harlingen & Clarke (KVC) published noise
measurements in superconductors reporting to have observed ZPF 1°. QOver
the next 3-4 years a number of independent superconductor papers followed,
all nonchalantly quoting the KVC interpretation of ZPF as standard. In reply,
Kleen (1987) essentially restated his case pointing out an unanswered ques-
tion in the superconductor measurements!l. As far as we are aware there has
been no published KVC reply. This debate epitomizes the tension in schools
of thought between hf/2 merely producing a measurement artifact (school of
Kleen) and hf/2 being a real noise power (school of KVC)2
The orthodox position, is that the effects of ZPF are observable such as

in the Casimir effect 2. ZPF also has an orthodox status in explaining the
observations of Mullikan 13, Lamb !4 and the nature of liquid helium 5. On
the other hand, consensus is not total as the school of Kleen has some sup-
port 1617 the commonly supposed link between spontaneous emission and ZPF
has been criticized 18 and the overall understanding of ZPF is also questioned
as expressed, for example, in the following quote 1°:

“The obvious question, then, is whether the zero-point energy and the vacuum

fluctuations are one and the same thing. If they are, why is it that the former

can be eliminated from the theory? The answer is not yet clear, and a deeper

significance has yet to be discovered. Therefore, we will adopt the view that

the zero-point energies are to be formally removed from the theory...., and

all physical effects of the type.... discussed are to be ascribed to quantum

fluctuations of the vacuum.... It must be admitted that the vacuum is not

completely understood, neither physically nor philosophically. Whether or

not the vacuum fluctuations are intimately related to the (unobservable) zero-

point energy remains an open question.”

where the expression “vacuum fluctuations” is an alternative term for ZPF.

The view that ZPF cannot give rise to a detectable noise power itself, but can
indirectly modulate or induce a detectable noise power has been expounded
by Senitzky 2. As for grilling steaks, the debate still sizzles but has shifted
away from electrical noise theory. Controversial attempts to harness ZPE are
underway using the concept of system self-organization?! and presupposing the
idea that the ground state is not the actual source of energy but is a ‘pipeline’

21t is curious to note that KVC consistently always refer to the term ‘ZPF’ in their papers,
whereas Kleen always uses the term ‘ZPE’ - hence there is the added confusion of semantics
entangled with valid points of disagreement.
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into some universal background source 22. In an enterprising decade where
there have been controversial attempts to consider superluminal velocity 23
and quantum information theory (promising two bits of information from one
physical bit 2% and a form of teleportation?®), there is no doubt that we have not
heard the last of ZPE research. It remains to be seen what concrete results are
produced and, if any, what the implications are to noise theory. Until further
evidence, the quantum zero-field should be regarded as a conservative field as
far as the extraction of energy is concerned. We can illustrate this using the
thought experiment of a pair of parallel plates being pulled together by the
Casimir effect — we can imagine one of the moving plates attached to a cord
over a pulley with a miniscule mass on the end. As the mass is raised, the plate
therefore does work and hence a small amount of energy is extracted from ZPF.
However, external energy must be put into the system, to separate the plates
to restart the process. Hence we have a conservative field. It could be argued
that the ZPF is merely releasing externally introduced energy, stored by the
system, and this may be a mechanical analogy of Senitzky’s view 2°.

On the other hand, Jaynes has pointed out 26 that the energy density of the
Lamb shift, in a hydrogen atom, caused by ZPF, would give rise to a Poynting
vector about three times the power output of the sun. This had led to a view
that ZPF has no reality 2. Hence the level of reality of ZPF, in this example,
is in tension with the previous example. This also reflects the tension between
KVC and Kleen. ’

Another consequence of a literal view of ZPE is that via the £ = mc
relation and general relativity, this energy can also act as the source of a
gravitational field — call this energy density in space W. Then the Kepler ratio
for a planet with mean distance R from the sun and period T is proportional
to Mgun + (:’—Q)W, where V is the volume of the sphere of radius R. To agree
with observed ratios for the planets the upper frequency cutoff for W can be no
higher than optical frequencies 2. But any attempt to account for the Lamb
shift with ZPF requires a cutoff thousands of times higher, at the Compton
wavelength 28, This gravitational energy would not only disturb the above
ratios, but it would radically disrupt the solar system. This ad hoc selection
of frequencies for the operation of ZPF for the convenience of explanation is
problematic.

2

4 Quantum Cut-Off Experimental Status

Fig. 1 shows a theoretical plot of the quantum term for different temperatures.
The hf/2 term is plotted to illustrate that at normal working frequencies
and temperatures it is vanishingly small, so for these conditions it can be
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Figure 1: Quantum equipartition energy versus frequency for 300K, 77K and 4K. The line
represents the hf/2 term plotted separately.

neglected regardless of the status of debate. It can be seen from the Fig. 1
plot that experimental verification of the quantum cut-off point for electrical
noise is rather difficult due to the Tera Hertz frequencies. If the temperature
is reduced, to reduce the cut-off frequency, we see that the maximum energy
of the curves falls, thus making noise detection more difficult. In 1981, van
der Ziel 2° proposed to make measurements in this region, at 100 GHz using
Hanbury-Brown Twiss circuits; unfortunately, this research effort was never
completed. The only curves we have today, for electrical noise, appear to
be those of the type of KVC, which show no cut-off due to ZPF becoming
significant. Therefore, as far as we are aware, there are no measurements that
directly demonstrate the quantum cut-off for electrical thermal noise, to this
day. Although the cut-off region, for electrical noise, has so far been obscured
by ZPF it may become possible in the future to view at least part of this
region, without violation of the Uncertainty Principle, if somehow the concept
of squeezed states can be successfully employed for the electrical case (eg.39).
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5 Conclusion

We have reviewed the debates surrounding the objectivity of the influence of
ZPF on electrical noise. Although in the literature, terminology is not stan-
dard, we suggest to prevent confusion that the unextractable and unobserv-
able groundstate is called ZPE, whereas the vacuum fluctuations themselves
are called ZPF. We noted that the mean square fluctuation of ZPF has the
form hf/2 and ZPE also has the form hf/2. This has caused some conster-
nation in the literature and we highlighted that these quantities are different.
ZPE can be removed by renormalization, whereas the effects of ZPF can be
seen in a number of physical phenomena. It is clear that noise measurements
are affected by an hf/2 law, as seen experimentally, otherwise communication
channels would be noiseless above a certain frequency. However unresolved de-
bate surrounds whether this represents a real noise power or is some quantum
disturbance of a measurement (with no power to grill steaks). Also, Senitzky
proposed a third option that ZPF cannot do work, but can modulate power
from an outside source. All these views have problems: (1) insistence on a
measurement artifact, with no work done seems to deny the reality of other
observed ZPF effects, (2) whether power is produced or modulated, as per
Senitzky, still leaves the problem of potential indefinite increase by hi/2. It
seems that vacuum fluctuations are still not fully understood. Solutions could
come either from developments in quantum physics or alternatively there is an
opportunity to further tackle the problem from the point of view of noise.
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The problem of the generalization to the quantum case of Nyquist formula is
rivisited. We address its applicability to a semiclassical resistor and point out the
possibility to provide a crucial test in favour of the presence and/or absence of the
zero-point contribution.

1 Introduction

The aim of this communication is to revisit some fundamental questions con-
cerning the quantum formulation of the Nyquist theorem ! as applied to a
semiclassical resistor where carriers behave similarly to a Brownian motion.
Nyquist theorem states that at thermal equilibrium the spectral density of
current fluctuations at frequency f of a given two-terminal device as measured
in the outside short circuit, Sy(f), is given by:

S§(f) = 4Re[Y (f)]KpT (1)

where Kp is the Boltzmann constant, T the lattice temperature and Re[Y'(f)]
the real part of the device admittance. Equation (1) refers to the original
classical form of Nyquist theorem !. We remark the possibility to write Eq.
(1) for the spectral density of voltage-fluctuations Sv (f) as measured at the
terminals of the open circuit by replacing Y (f) with its reciprocal quantity,
the device impedance Z(f). The extension of Eq. (1) to the quantum case,
i.e. by substituting the Planck spectrum to the classical Rayleigh-Jeans value
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KpT, was already suggested by Nyquist himself as:

hf

Si(f) = 41‘36[}’(f)]ayqﬁ%)—_—1 '

(2)

h being the Planck constant. A quantum derivation of N yquist formula provided
in a seminal paper by Callen and Welton 2 suggested a further generalization of
(2) which includes the zero-point energy of the harmonic oscillator thus giving:

KpgT

The classical Eq. (1) has been verified experimentally and numerically through
simulative techniques (e.g. with the Monte Carlo method 3). The quantum
Eq. (2) has been indirectly verified by well established measurements of the
spectrum of black-body radiation by absorption. However the problem remains
open for the case of a semiclassical resistor where still it can be asked: (i) which
of the form (2) and (3) is more appropriate to generalize Eq. (1) 7 (ii) Is any
direct detectable way to provide a crucial test in favour of (2)or(3)?

2 State of the art

Concerning question (i) Callen and Welton 2 provided a first principle derivation
of Eq. (3), succesively Landau-Lifshitz* and Kubo et al® confirmed this result.
However, several perplexities have been arosen about both the theoretical
derivation and its applicability to real casesS.

MacDonald” has doubted about the inclusion of zero point term in express-
ions for Brownian mouvements and Robinson 8 provided as basic arguments
on the same subject the fact that the notion of resistance and dissipation in
quantum mechanics is a delicate problem to be treated as explicitely statistical
processes describing the coupling between one quantum system, the circuit,
and another quantum system, the heat sink. Indeed dissipation will violate
ultimately quantum mechanics since all mechanical motion will eventually
cease contrary to the uncertainty principle.

Bell® argued that zero point applies to the average power but cannot take
place in any exchanges and is not to be included in the available noise power.
In favour of this statement theoretical results of Bogoliubov and Shirkov1? and
Kubo ! giving an average energy of a harmonic oscillator not including the
zero point contribution are claimed.

Gupta!?, by using a Weber 13 argument, argued that the zero-point energy
of the harmonic oscillator should not be included in the available noise-power
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because it cannot be extracted from the oscillator. In so doing, the oscillator
would remain with zero energy thus violating the uncertainty principle.

Kiss 14 concluded that the presence of zero-point term would contradict
basic results of quantum mechanics.
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Figure 1: Normalized noise power as a function of normalized frequency. Dashed curve
refers to the quantum case, continuous curve to the quantum plus zero-point energy case,
respectively.

In any case, the possibility to confirm from a macroscopic measurement
Eq. (3) is still under controversy, despite of a measurement made by Koch et
al1® who claimed evidence of it in a pioneer experiment in resistivity shunted
Josephson junctions.

3 Unsolved problems

According to the discussion of the previous section, we conclude that the
validity of Eq. (2) and/or (3) for the case of a semiclassical resistor represents
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still a challenge for researchers. From the point of simulative techniques it
implies the introduction of the coupling between the carrier dynamics and
the electromagnetic field in a self consistent way inside the kinetic equations.
This step has never been solved to the authors knowledge and should be an
interesting field for future research. From the point of view of experiments
we offer below a tentative scheme whose practical realization is left to the
skilfulness of experimentalists. By introducing for convenience the dimension-
less frequency £ = hf/(KpT), we report in Fig. 1 the cut-off region of the
current spectral density of Eq. (2) and (3) normalized to the classical one.
This numerical quantity represent the available noise power per unit bandwidth
normalized to KpT. For £ = 4 we obtain the values 0.07 and 2.1 for quantum
and quantum with zero point spectra, respectively. This difference should
be experimentally detectable in a low temperature (i.e. 1 K) noise-power
measurement at high frequency (i.e. 80 GHz) of a resistor at equilibrium.
Here, despite of being at 1 K the noise temperature of the resistor under test
should be of 0.07 K or of 2.1 K according to the validity of Eqs. (2) or (3).

Acknowledgments

This work has been performed within the European Laboratory for Electronic
Noise (ELEN) supported by CEC contract ERBCHRXCT920047, PECO EAST
ELEN ERBCHRXCT920047. Partial support from Ministero dell’ Universitd
e della Ricerca Scientifica e Tecnologica (MURST) Italiano is acknowldged.

References

1. H. Nyquist, Phys. Rev. 32, 110 (1928).
2. H.B. Callen and T.A. Welton, Phys. Rev. 83, 34 (1951).
3. C. Jacoboni and L. Reggiani, Rev. Mod. Phys. 55, 645 (1983).
4. L.D. Landau and E.M. Lifshitz, Statistical Physics, (Pergamon, London,
1958).
. R. Kubo, M. Toda and N. Hashitsume ”Statistical physics II” Springer
Verlag (Berlin, 1985).
6. C.W. Gardiner ”Quantum noise” Springer Verlag (Berlin, Heidelberg,
1991).
7. D.K.C. MacDonald, Noise and fluctuations: an introduction, (Wiley,
New York, 1962).
8. F.N.H. Robinson ”Noise and fluctuations in electronic devices and
circuits” Clarendon Press (Oxford, 1974).
9. D.A. Bell, Noise and solid state, (Pentech, London, 1985).

o




10.

11.
12.
13.
14.
15.

quantized fields, (Interscience, London, 1959).

R. Kubo, Rept. Prog. Phys. 29, 255 (1966).

M.S. Gupta, Proc. IEEE 70, 788 (1982).

J. Weber, Phys. Rev. 90, 977 (1953).

L.B. Kiss, Solid State Commun., 67, 749 (1988).

R.H. Koch, D.J.Van Harlingen and J. Clarke, Phys.
(1982).

Rev.

143

N.N. Bogoliubov and D.V. Shirkov, Introduction to the theory of

B26, 74



QUENCHING THE THERMAL NOISE DOWN TO THE
QUANTUM LIMIT

G. CAGNOLI, L. GAMMAITONI*
Dipartimento di Fisica, Universita’ di Perugia
I-06100 Perugia, Italy

J. KOVALIK, M. PUNTURO

Istituto Nazionale di Fisica Nucleare, Sezione di Perugia,
I-06100 Perugia, Italy

F. MARCHESONI

Dipartimento di Fisica, Universita’ di Camerino
I1-62032 Camerino, Italy

Thermal noise in mechanical suspension systems is presently the most severe limi-
tation to the sensitivity of the new generation of interferometric gravitational wave
detectors, like VIRGO and LIGO, in the frequency range between 5 and 500 Hz.
For this reason, a few experimental groups around the world are challenging the
strategic goal of queching thermal noise effects.

Here we address present strategies, present some experimental data and discuss
theoretical and experimental implications of such a task by pointing out present
limits and still unsolved problems.

1 Introduction

Thermal noise is the name commonly given to fluctuations affecting a physical
observable of a macroscopic system in thermal equilibrium with its environ-
ment.

The internal energy of a macroscopic apparatus at thermal equilibrium is
shared between all its degrees of freedom or, equivalently, between all its normal
modes each carrying an average energy k7', where k is the Boltzmann constant
and T the equilibrium temperature. This is true also for such modes as the
oscillations of springs, pendula, needles, etc. Such an energy manifests itself
as a random fluctuation of the relevant observable experimentally perceived as
the noise affecting its measured value.

Thermal noise is ubiquitous and is one of the unavoidable limits to the
precision of mechanical measurements.

“Electronic mail address: Gammaitoni@perugia.infn.it
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2 Sensitivity limit to the detection of gravitational waves

It has been estimated that thermal noise poses a severe limit to the sensitiv-
ity of the new generation of interferometric gravitational wave detectors, like
VIRGO? and LIGO, in the frequency range between 5 and 500 Hz, due to
the fluctuations in the position of the suspended elements (test masses and
optics) of the interferometer and to the internal modes of the mirrors. It has
been remarked that the whole suspending structure (super attenuator) can be
treated as a multi-stage pendulum. Due to the action of thermal noise the
position of each element of the pendulum chain will fluctuate in time. This
is particularly true for the position of the optical components (mirror, beam
splitter or suspended bench) located at the last stage of the chain. Such fluctu-
ations combine with the gravitational wave induced displacement, thus setting
a lower limit to the antenna sensitivity fig. 1.
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Figure 1: Thermal noise contribution to the VIRGO sensitivity curve (estimate).

It is clear that the determination of the spectral properties of the thermal
noise affecting the antenna is an important and crucial task. It has been well

bFor a description of the VIRGO project see the VIRGO central web site at
“http://www.pg.infn.it /virgo”. :
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known, since the fifties, that the spectral character of thermal fluctuations
can be connected to the dissipative properties of the monitored observable
(Fluctuation-Dissipation theorem (FDT)'): the equilibrium fluctuations (ther-
mal noise) of a macroscopic system can be probed by applying a weak (linear
response) external perturbation, which couples to the observable of interest.
The system absorbs energy from the perturbation in a way which is completely
determined by the spectral properties of the fluctuations, in the absence of the
perturbation. 2

This suggests an experimental way to study the spectral properties of
thermal noise affecting a macroscopic observable: let us call z(t) a physical
observable which quantifies the response of a system to an applied external
force f(t). The response function H(w) (called ”generalized susceptivity” in
the physical literature) is a complex quantity defined by:

X(w) = H(w)F(w); (1)

with H(w) = H'(w) + iH”(w) = |H(w)|e**“). Here capital letters denote the
Fourier transform of the corresponding time dependent quantities. The FDT
sets a relation ! between the power spectral density of z(t) , < z(w)? >, and
H”(w), i.e.
H” .
< z(w)2 >= -2 kT —u@ (2)
Most notably, the quantity H”(w) can be accessed experimentally and the
fluctuation power spectral density < z(w)? > can be obtained accordingly.
The r.m.s. value \/< (w)? > can be obtained through the relation !:

\/<:c(w)2>=\/l/N<m(w)2>dw:kTH’(0) (3)
*Jo

The detector senmsitivity curve can thus be estimated by measuring the
dissipation properties of the suspension structure or, to be more precise, the
imaginary part of the response function of the observable of interest z(t) (i.e.
the position of the mirror center of mass) to the conjugate force F(t). The
response function H(w) is obtained from 1 by recording the time series of the
force and the relevant displacement and, then, taking their Fourier transforms.
Finally, the fluctuation spectral density (thermal noise) is computed from the
H(w) imaginary part, H”(w), by using the FDT in 2.

3 How to reduce thermal noise effects

Once the expected spectral noise properties of the thermal noise affecting the
system are known, a crucial task is the quenching of thermal noise effects in
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the frequency band of interest, down to the quantum limit. This is usually
accomplished by acting on the dissipation properties of the mechanical struc-
tures. After reducing external losses, one has to address the internal friction
effects. An effective quenching strategy is mainly based on a proper choice
of the material and on a careful characterization of the intrinsic dissipation
mechanism.

Such a characterization is performed phenomenogically through the study
of the material loss angle ¢. This empirical quantity which should account
for a number of different dissipation sources resists to a general theoretical
treatment 3%. Moreover simple ”ad hoc models” generally fail to reproduce
experimental data.

The detailed knowledge of the dependence of the loss angle on load and
frequency is still an open problem, a pre-condition for the realization of highly
sensitive mechanical devices. Such a strategy for the reduction of thermal noise
effects is commonly implemented by designing mechanical oscillators with high
quality factor (see fig. 2).

2.1 d T T T i T T T

2.0

Q=1.3 E08

in (amplitude)

17 F

N 1 N 1 1 L !
0 50000 100000 150000 200000

time in sec

Figure 2: Logarithmic relaxation of a full scale last stage suspension system prototype, as
measured in Perugia. Q@ = 1.3+ 0.1 10° at v = 0.6 Hz.

The effectiveness of such a strategy relies much on the assumption that
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the loss angle is independent from the frequency. While this assumption is far
from being generally verified by experiments, we still miss a viable approach
to frequency dependent losses. In particular, the problem of measuring losses
in the low frequency regime, for a wide frequency band, is still unsolved.
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A new paradox is described where the correlation between the thermal noise volt-
ages in a 2-stage RC ladder behaves unexpectedly at limiting component values.
A future resolution to this unsolved problem may possibly uncover a limitation in
the circuit theory formalism for handling noise. There may be be a connection
between this problem and Penfield's motor paradox proposed in 1966.

1 Introduction

For the first time, we present an unsolved paradox in a simple two stage RC
ladder (Fig. 1). In the Appendix, we solve the relevant complex integral for
the circuit showing that correlation between the two capacitor noise voltages
is zero, ie. (vyv2) = 0. However, we also show that if R, — 0 or Ry — oo then
{vivs) suddenly becomes non zero! For low R, we obtain some correlation,
whereas for large R; we get anticorrelation. -In practice, zero correlation will
not be observed as we impose a limited measurement bandwidth. Zero correla-
tion is only obtained when we consider the total frequency band. Nevertheless,
the predicted crossover from correlation to anticorrelation, as resistor values
change, is a surprise result.

This dilemma is unsolved and may highlight a limitation in the circuit
theory formalism for noise. If the capacitors are replaced by inductors, it may
be that the problem has similar roots to Penfield’s motor paradox!:2.

It would be interesting to recalculate the correlation terms if we replace
kT with the one dimensional form of Planck’s law 3, to impose the quantum
limit to bandwidth. Closed form solutions of the resulting integrals appear
to be exceedingly difficult and could probably be expressed in terms of the
x function (the derivative of InT'(z)). However, as R; — oo, the integration
anomalies occur near f = 0, so the quantum form would not affect the result
in this particular case.
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Figure 1: Two stage RC ladder - a soui'ce of an unsolved paradox.

2 Discussion

It may be that there are anomalies introduced by letting Ry — 0o or Ry — 0
before we do the integration. It would therefore be instructive to take limits
after the integration, for comparison. However, we do not get the opportunity
to do this because (v1v2) = 0 and thus there are no variables in this expression
to manipulate. To overcome this problem, we write a new variable (vij) which
is the voltage noise across capacitor C; due to resistor Rj. So we can separate
the noise contributions from the two resistors as

(v1) = (v11) + (v12) (1)
and
(v2) = (va1) + (v22) (2)
hence the correlation can be written as
(v1v2) = (vi1v91) + (v12v22). (3)
" It can then be easily shown that
kT
v = 4
( 11021) Cl +Cz n RR? ( )
and
kT
(vizv2g) = ~ (5)

Ci+Co+ B
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Therefore the sum of these two terms, which is the total correlation, 1s zero
as before. Now if we let Ry — oo or Ry — 0, the total correlation is still zero.
This contradicts our initial non-zero results, when the limits were taken before
the integration. This basically summarizes the dilemma. The differences can
be mathematically explained: for instance if R; — oo, before integration, the
positive part of the curve becomes a delta function and is no longer captured
by the integral. Hence we effectively integrate under the negative portion of
the curve and the correlation becomes negative. The unsolved problem is the
physical interpretation, in terms of noise, of the ordering of the limits.

3 Conclusion

We have outlined an unsolved problem regarding thermal noise correlation in
a 2-stage RC ladder. A solution may improve understanding of the circuit
theory formalism. If the capacitors are replaced by inductors, there may be
some similarities with Penfield’s paradox posed in 1966, though this requires
further investigation.
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Appendix

General Complez Integral for Capacitor Problem

We need to solve the integral of the general form:

+jo0 2
1 / ap+ a8+ ass ds (6)

I=__—"—
275 J_joo (bo + b15 + bas?)(bo — b1s + bos2)

Let bo + by s + bas? = ba(s — 51)(s — s2), so by factorizing the denominator
and taking a contour integral we have,
I= 1 ao+als+a232
21§ Jo b3(s — 51)(s — s2)(s + s1)(s + 52)

Taking the sum of the residues,

ds. (M

— 023182(31 - 82) - ao(31 it 82) (8)
23182(31 - 82)(31 + SZ)bg
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and using 8152 = bo/by with s; + s = —b; /b, finally gives

_ aobz — asby
1= by @

This result is quite fascinating as the a; term has totally dropped out giving
a purely real result. This can be explained because a;s is an odd function of s.

Another curious matter is that because of the conjugation on the denomi-
nator of the original integral, the Cauchy-Riemann equations are not satisfied.
However, the method of residuals happens to nevertheless work because the
integral is essentially real given that the a; term drops out. As a precaution,
we integrated the real part of the integral the long hand way and found that it
did indeed reduce to the same result provided by the method of residues. Due
to the great length of this procedure, this was accomplished using the MAPLE
math editor software.

The fact that the method of residues is found to work on a non-analytic
integral, is apparently not discussed in the complex analysis literature. There
maybe be scope for future work to formally define a class of such integrals.

Noise Analysis of 2-Stage RC Ladder

From nodal analysis of the circuit we find that,

el(l -+ 802R2) —eqsCo Ry

= 10
U T IFSCiR + ok + GiR)) + °C1 G R By (19)
and
g = e1 + ex(1+ sCiRy) (1)
1+ s(C1R1 + CoRy + C2Ry) + s2C,CoR1 Ry

Using e; = 2kTR,; and e; = 2kT R, and multiplying by complex conju-
gates, gives us the spectral densities,

Ry|1 4 sC3R,|? + Ry|sCoR,|? (12)
|1+ s(C1Ry + C2R2 + CaRy) + s2C1C2 R Ro?

Si11 = 2kT

S5, = Ry + Ry|1+ sCy Ry |?
22

=2kT 1
14 S(C1R1 + CaoRs + CaRy) + 8201C2R1R2|2 ( 3)

R1(1 + 320102R1R2)
[1+ s(C1Ry + C2Rz + C2Ry) + s2C1C2 Ry R 2

Si2 = 2kT (14)
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These spectral densities are now integrated using the general solution given
in the last section. This yields the noise voltages in Volts squared per Hertz,
and the integrals simply reduce to

kT kT
(=g =g (av)=0
but if Rs — 0,
2kTR;
S11 = S99 = So1 =
11 22 21 [+ 5(C.Ri+ GRII?
therefore,
kT
2N (02) — —
(vl) - (02) e (1)1’02) - (Cl + CZ)
If Rl — OO0,
S = 2kTR,C? S, = 2kTR,C?
M E I+ Cr+ sCICaR[P 7% 7 [CL+ Ca + sCiCaRa[*
S, = —2kTR2C1C>
1271C, + C; + sC1Ca Ry’
therefore,
kTCo kTCy kT

(v%) = CI(CI ¥ C2), (vg) = Cz(Cl +C2)’ (vlv2) = —(Cl +C2)
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NiggFepq films with a thickness of about 40 nm have been sputtered in a magnetic field on Si
(100) substrates. Twin samples from the same substrate have been investigated: (i) with the easy
magnetisation axis parallel to the current in the longitudinal direction and (ii) with the easy axis
perpendicular to the current. The width of the samples was 30 um. The resistance and noise as a
function of the applied magnetic field perpendicular to the length have been investigated. At
strong magnetic fields, the 1/f noise parameter is of the same order of magnitude as in nonmagnetic
metal layers (Au, Cu, ...). For moderate fields with appreciable values of dR/dH we observe an
additional contribution to the 1/f noise parameter which we associate with fluctuations in the
magnetisation that modulates the resistance value.

1 Introduction

We have investigated anisotropic magneto resistance, AMR films. The AMR
effect is based on the dependence of the resistance on the angle between current and
magnetisation'. The change in noise power of AMR sensors can be explained
qualitatively using simple models. In this paper, the noise of AMR films having a
single domain state will be compared with films showing a multi domain pattern.

2 Experimental Procedure

The measured NigoFeyo films are grown by high-vacuum magnetron sputtering
on a Si (100) substrate in an applied magnetic field in order to induce uniaxial
magneto- crystalline anisotropy. The films are either 400 A or 350 A thick and are
patterned into bars and form Wheatstone-bridges. The 30 pm wide samples have
been chosen for investigations because they showed the most interesting domain
structure. The long axis of the bars is orientated either parallel or perpendicular to
the magnetic field applied during growing. We prefer to measure on bridge shaped
samples because all spurious signals, common to all elements are largely cancelled
out. The measurements were performed in a mu-metal shielded cage. Magnetic
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fields are generated using two pair of orthogonal Helmholtz coils. The current
through the samples is generated with a battery in series with a relatively large
resistor. The voltage noise over Wheatstone bridge is measured using a pair of
battery fed ultra low-noise voltage preamplifiers (EG&G Brookdeal 5004). The
outputs of the latter are connected to a HP3562A dynamic signal analyser which
measures the sample noise using the cross-correlation -technique. The noise is
measured in the range between 1 Hz and 100 kHz. The equivalent noise resistance
of the system is about 1 Q above 10 Hz. The 1/f noise often obeys the empirical
relation’ where o is a dimensionless parameter for pure 1/f noise used to
characterise its strength and N is the number of free carriers in the sample:
Sy «

VZ Nf W
Sy(f) is the spectral density of the voltage fluctuations induced by the resistance
fluctuations, N is calculated for NigyFey( by taking the number of electrons per
unit volume as 5x1028 m™ and f is the frequency in Hz. Tests showed that o is
independent of the current density through each sample (at least upto 106 Alem? )
The current densities used to measure the noise are between 105 and 6x105 A/cm?,

3 Experimental Results

Bitter-fluid was used to show the magnetic domain structure of the films.
Films with the easy axis of magnetisation along the long axis of the sample show a
magnetic mono-domain structure. Films with an easy axis perpendicular to the long
axis had a multi domain structure for a width larger than 20 pm. Only the 30 pum
films had a stable pattern when no external fields are present. The observed noise
spectra are proportional to f' with 0.8<y<l.2 in most cases. A weak constant
magnetic field of 80 A/m was present parallel to the long axis during all
measurements. This was done to force the magnetisation to rotate in one half plane.

3.1  Experimental results on single domain structures
Figure la shows AMR resistance change and figure 1b the measured 1/f noise in
terms of the o parameter as a function of the magnetic field perpendicular to the
long axis of the sample. The magnetoresistance curve of figure 1a is well described
by’. The difference between the measured and calculated resistance is of the order
of 1 %. The same parameters needed to model the resistance are also used to
calculate the variance of the resistance. The calculated variance as a function of the
perpendicular field is then compared with the experimentally observed 1/f noise.
The sumlamy between the 1/f noise parameter o versus field and the variance or
(dR/dH) presented by a dotted line is surprisingly good although not perfect. In the
model® the magnetisation of the complete sample is considered to be uniform,
thereby overlooking almost all demagnetisation induced by edge effects. The o
dependence on applied magnetic field in the AMR layer shows a dependence like
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o(H) = o, + Ka(dR/dH) )
with «, a typical value for non magnetic metal layers and the second term in eq.

(2) gives the excess fluctuation in R by modulation due to spontaneous fluctuations
of the magnetisation having a 1/f spectrum.

3.2 Experimental results on multi domain structures

Figure 2 shows an example of resistance and noise when the easy axis is
perpendicular to the length axis of the sample. The absence of hysteresis in the
magnetoresistance curve shows that there are no magnetisation jumps present but
mainly rotation of the magnetisation. The large scattering in the l/f noise,
especially around zero field, is typical for the samples with their easy axis
perpendicular to the length axis. For some samples we found high values (like in
figure 2) and for some we found low values at zero external field, but all were very
unstable. This points to domain wall activities. For comparison we have measured
multilayers (not shown) which showed huge scattering in the transverse 1/f noise
compared to longitudinal 1/f noise when no external field was present. This large
scattering was not measured at high external fields. This also points to a non
homogeneous 1/f noise source in the sample* due to domain wall activities.

4 Conclusions

Magnetic single layers showing the anisotropic magnetoresistance effect, have a
strong 1/f noise where dR/dH shows a maximum. This is thought to originate from
fluctuations in the magnetisation. For samples with a single domain structure this
increase is more than a factor ten with respect to non-magnetic materials and for
samples with a multi domain structure the increase is at least a factor hundred. The
situation in which no domain walls are present was modelled and the calculated
resistance fits the measured resistance very well. The intensity of the 1/f noise in
the resistance and the variance of the resistance have the same dependence on the
angle ¢ between current and magnetisation. However, the variance calculated from
the spectrum (whatever limits of the 1/f region are used) is neglectible compared to
the variance following from the dependence of magnetic energy on @>. This is the
fundamental problem arising from our investigation. When domain walls are
present, the 1/f noise strongly scatters. Experimental results on'single domain

structures are easily summarised by o(H) =a., +K,(dR/ dH)2.
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Figure 1:  (a) Resistance and (b) I/f noise as a function of the perpendicular magnetic field. The easy axis is
parallel with the length of the sample and a constant field of 80 A/m is present in this direction.
The 1/f noise is compared with the calculated variance (full line). The dimensions of an individual
bridge resistance are: 360 pm x 30 um x 40 nm. The dotted line represents (dR/dH)? indicating
that o = a; + K, (dR/dH)? is also a good fit to experimentally obtained ¢-values.
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parallel to the length of the sample. The I/f noise power is compared with the calculated variance.
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PROBLEMS IN THE COMPREHENSION OF THE BARKHAUSEN NOISE
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The characteristic features of the Barkhausen noise are presented in connection with the problem of
self organisation in complex systems. The results experimentally verified and the main drawbacks of
the existing theories are presented, togheter with the possible solutions of some intrigiung aspects.

1. Introduction

Since its discovery, the Barkhausen effect (BE) has been recognised as a
fundamental tool for the investigation of magnetisation processes, and for non-
destructive material testing. A detailed comprehension of the effect, together with
an accurate description of experimental data, offers, in principle, the possibility to
describe the huge variety of soft magnetic materials by a few macroscopic
parameters, with considerable benefits in the applications. Beside this traditional
field of studies, in the last years, with the increasing spread of research on non-
equilibrium complex systems, broad renewed attention has been paid to BE, both
from the theoretical and the experimental point of view, as a possible example a
system showing self-organised criticality (SOC). Barkhausen noise, in fact, exhibits
power law distributed avalanche instabilities and 1/f° power spectra, and lacks of
any inertial effect as shown, for instance, by sandpiles, earthquakes, etc. Up to now,
however, the question has not been clearly solved. Following a stimulating and in a
sense prophetical picture of R. Feymann'?, the central and unsolved question under
debate is the following: is the 'sound' of Barkhausen noise that of sand grains
falling over each other (i.., the noise is a result of some system self-organisation)
or of grains falling over something else (i.e., organisation is totally absent and the
noise statistical properties simply reflect the disorder of the medium in which the
system evolves)? An alternative and little more conservative way to pose the
question may be: is it really necessary to invoke SOC in order to describe and
predict the observed noise properties, or overdamped dynamics in quenched-in
disorder is sufficient to justify the experimental results? Both points of view have
estimators and detractors. Following the original work of Cote and Meisel’, who,
even with not too accurate results of avalanche distributions (see refs. 4,5 for
discussion), claimed for a SOC evidence, some authors have simulated the
Barkhausen signal using modified sandpile models® and related the scaling laws of
avalanche distributions to power spectra using the SOC predictions *°. On the other
hand, Sethna ef al., studying zero-temperature random field Ising models’, exclude
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any type of organisation and consider scaling laws as a simple consequence of
quenched disorder of the medium. Otherwise, Urbach?® at al. evaluated the presence
of ‘long range’ demagnetising fields, not taken into account in the previous model,
and concluded that they do give SOC while Jocal demagnetising ficlds (mainly
related to quenched disorder) do not. Finally, for O’Brien and Weissman?, real self
organisation requires that events on one temporal scale set the stage for events on
another scale, and found no evidence of this feature in the existing theories and
experimental results. Beside these different approaches, our traditional study is
mainly focused on the possibility to describe BE statistics by a clear physical picture
of domain wall (DW) motion®, in terms of a (stochastic) dynamical equation; only
as a second step, we investigate the presence of any type of organisation, as shown
in the next paragraph.

2 Power spectra, avalanche distributions and SOC

Up to now, the more satisfactory explanation of the BE features is given by a
stochastic model based on a Langevin-like description of DW dynamics in a
randomly perturbed medium® (hereafter, ABBM). In this model, the field driving
the DW is given by the difference between the external applied field H, and an
internal counterfield, made up of two components, the demagnetising field Hun of
magnetostatic origin due to sample geometry and the pinning field /7, , which takes
into account all other sources of counterficlds, like inclusions, defects, interactions
with other DWs and so on. As the DW motion in metals is fully dominated by eddy
currents, the DW velocity v is given by

voc H, - Hypm—H, )
The DW dynamic equation is the time derivative of this equation where the applied
field is a given function of time (e.g., dH/dt=const), and the pinning field is
assumed to be a brownian process as a function of space (i.e. of DW position x).
This interplay between space and time has far-reaching consequences: the
amplitude distribution P,(;) of the DW velocity, which would be gaussian in the
conventional Langevin approach, turns out to be a gamma distribution
P(v)= v Texp(—v) / T(c), where c is proportional to the applied field rate dH./dt.
In addiction, the power spectrum amplitude is calculated to scale with dH/dr.
These two results have been found to be a general property of BE in most magnetic
materials*>'’, either single crystals, polycrystals, or amorphous alloys (see an
example in figs. 1,2). This is a very surprising result still to be understood, also in
connection with the fact that, on the contrary, the power spectrum data never fit
with the 1/f2 shape predicted by the model, showing instead a 1/f® spectrum with
1.5 < B < 2, in the simplest cases (fig. 1) and more complicated shapes in very
complex materials such as some annealed amorphous alloys (see fig. 2 and ref. 10).
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The hypothesis of a spatial random pinning field has been interpred®* as the
consequence of the structural disorder of the medium, and thus in the line of
"grains falling over something else", in the sense that the DW moves on a fixed
(structural) pinning field, excluding any type of cooperative effects required by
SOC. Actually, the situation is not so simple. As sketched above, the correct
interpretation of the pinning field is that of an equivalent counterfield including all
the random effects’ acting on the wall, consequence of structural disorder and other
magnetic phenomena, such as flux propagation along the wall, interactions between
DWs, an so forth. A spatial brownian pinning field only means that the effect of
counterfields on the wall has independent increments, i.e. the wall does not retain
any memory of the past interactions with the medium. Clearly, if this is the
underlying physics of the magnetisation processes, no SOC occurs. Actually, the
experimental data show that the hypothesis of a brownian pinning field, giving 1//?
power spectra, is inadequate, and one has to introduce its natural extension to
fractional brownian processes (fBP). A really subtle problem soon arises: how can
we reconcile the request of a fBP (likely, in the space coordinate) with the
proportionality of the power spectra with the applied ficld rate (and the related
gamma distribution of signal amplitude)? In the ABBM model, it was assumed that
dx = v dt (the more natural assumption), so that the variance of the brownian
process could be written as <|dW)>> ~ dx ~ v dt, and so it was possible to consider
and solve the associated Fokker-Planck equation’. In this case, we do not know how
to handle a fBP with variance of the type <|dW]>> ~ dx™ , unless to consider dx*™®
=v df*" giving <|dW|*> ~v df*™, i.e. a fBP as a function of time with an amplitude
scaling with the DW velocity v. In fact, this is the only assumption to give the
spectra of the 1//® type, with B = 2H+1, proportional to the applied field rate'’, in
the approximation v~<v> = ¢ o« dH/dt. This assumption has a very interesting
physical meaning: because of P<2, and H<0.5, the pinning field has an
antipersistent character, i.e. its increments are negatively correlated. Even if
different explanations can be given (structural disorder as a fBP, to be explained),
this is in agreement with the presence of local demagnetising counterfields which
are active when the DW bows and tend to realign it, pushing (pulling) the wall at
velocities lower (higher) than the average velocity c. This fact can be consider as a
prerequisite for sclf-organisation, because states the presence of an internal
mechanism which keeps the system not too far from its average dynamical state. On
the other hand, this does not state any presence of precursor avalanches, a requisite
considered essential’. The meaning of the proportionality of the amplitude with the
velocity v is, on the other hand, not straightforward, and we cannot have any clear
meaning in terms of known magnetisation processes.

Taking the first derivative of eq. 1 and considering a fBP pinning field, we get a
type of dynamical equation which gives a power spectrum expression yet not too
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accurate to describe the experimental data, especially at frequencies lower than the
maximum (fig.1). In fact, the calculation gives a sum a+f=2 of the two exponents
of the spectra before ( ~ ©%) and after ( ~ o ) the maximum, while the data show
different behaviours. One of the possible solutions' is the introduction of a
fractional differential equation, as used in the simulation of turbulence'?, of the type

q
%[vexp(t/ ‘cm)] =v N

dg
o exp(t/t,,) Q)

where 7, is a the time constant related to the demagnetising field, assumed constant
in the ABBM model, and here considered a function of the applied field rate, and N
is the white noise. In the approximation vac, it gives a power spectrum of the type
P
5@ (@ +12)° &
so that, a=2g and B=2(g-g), which fits with excellent accuracy the simplest spectra
and describes its variability with the applied field rate with a single time constant
. (fig. 1). The physical meaning of eq. (2) is otherwise obscure, as any further
relation to SOC, and still needs to be analysed: it is worth noticing that the ABBM
model is recovered in the case g=1 and g=0.

The analytical expression of P,(v) cannot be calculated as in ABBM, neither after
the introduction of the fBP pinning field, nor from the eq. (2). Thus, it still remains
unclear why the gamma distribution is so general and if the result of the ABBM
model is a fortunate coincidence or its structure has a deeper connection with the
magnetisation processes involved in the DW motion. Beside these considerations,
the results on the amplitude distribution are also promising to test the relation
between the avalanche distributions and the power spectra. We have calculated and
experimentally verified* that the avalanche duration Au and size Ax follow the
power law distributions P(Au) ~ Aw®? and P(Ax) ~ Ax®?*?_ Following Jensen et
al.B, the power spectrum can be calculated using a weighted distribution of the
lifetimes of independent avalanches, getting $=2. Up to now, it is not clear whether
this discrepancy is due to the assumption of independence or we should take into
account the particular shape of the average avalanches, as recently proposed’.

3 Final remark

The complex behaviour of BE and the difficulties in its comprehension has a direct
physical explanation: as in many complex systems, we are considering a many body
system (many interacting DWs) moving a random landscape changing during the
evolution of the system. A similar behaviour have the piles of sand or rice, where
avalanches change the structure of the pile. As said, many authors consider power
laws and 1/f noise a direct evidence of self organisation, while others strongly
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refuse this statement, so that it is not universally clear which are the essential
ingredients of SOC: intrinsic disorder, many body interactions, memory effects,
precursors and aftershocks, or none of them. Without this clarification, in our
opinion, the idea of SOC will remain as a general qualitative frame of
interpretation rather than a valid physical theory to explain nature.
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The extension of the impedance-field method to quantum systems is presented as
yet an unsolved problem of relevant interest. A brief formulation of the problem
for the simple case of one dimensional structures is given. Analogies and differ-
ences between classical and quantum systemts are illustrated in the framework of
a Wigner-function approach.

1 Introduction

Since the seminal paper of Shockley et al [1], further extended in Refs. [2-4],
the impedance-field method has been widely used for noise modeling in the
framework of drift-diffusion [2,4], hydrodynamic [5] and classical kinetic ap-
proaches. In going from a classical to a quantum description of systems under
conditions far from equilibrium these approaches have corresponding quantum
analogues [6]. Therefore, the following problem arises in a natural way: is it
possible to use the usual concepts and formalism of the impedance-field method
for electronic noise modeling of a quantum system of charged carriers? In the
framework of a quantum approach based on the Wigner function, the aim of
this work is to present the main logic for constructing the impedance field of a
one-dimentional structure and for determining the characteristics of the source
of fluctuations. It should be stressed that both: the structure of the quantum
equation for the Wigner function and the calculation of the average values of
dynamical variables are analogues to those of the classical Boltzmann equation.
Therefore, to appreciate similarities and differences between the quantum and
classical cases, the most important points will be carried out in parallel for
both approaches.
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2 Main equations

Let us consider a nondegenerate ensemble of N carriers (electrons) which in-
teract with a thermostat, i.e. phonon system. By taking for simplicity a one-
dimensional system in phase space (p, z), the equation for both the classical
and quantum distribution function, f(p, z,t), can be written in the following

form: of of
a5 T, T UI=SIf] (1)

Here v is the carrier group velocity and S[f] the collisional term assumed of
the same form in both formalisms:

S[f] = —f(p, z,t) / w(p, p'; z)dp’ + / (@, p; 2)f(e,z,t)dp’  (2)

where w(p, p') is the probability per unit time for a carrier to be scattered from
state p into state p’ at point z. The main difference between the quantum and
classical equations concerns the form of the field term, F[f, U], namely:

Flf,U] = eE(x)% (3a)
AT s

[ [areat® w6 ) _ve-Lines @)

for the classical and quantum cases, respectively. Here eE(z) = —-0U(z)/0x is
the electric force and U = Uy; + U, the electrical potential associated with the
built-in and self-consistent contributions. The long range Coulomb interaction
is accounted for through the self-consistent potential determined by the Poisson
equation:
OV __ ey t)dp— N, 4
50 == IV [ 55,2, 0)dp~ Na(e)] @

where Ny(z) is the profile of the donor concentration, f(p,z,t) the distribu-
tion function normalized to unity in accordance with foL de [dpf(p,z,t) =1,
L being the structure length. Under constant-current operation mode, the

electric field and, hence, the distribution of the self-consistent potential inside
the system, satisfies the equation:

» 660% + eN/vf(p, z,t)dp = J = const(z,t) (5)

where J is the total current density flowing through the structure.
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3 Impedance field formula

The impedance field formalism is based on linear-response theory when it is
implicitly supposed that fluctuations generated by the system are linear with
respect to the system. (A more detailed discussion of this issue will be given in
the next section.) Let the set of equations (1), (4), (5) has a stationary solution
labelled by subindex s. The correspondent set of equations which describe the
linear fluctuations takes the form:

a5 | 95f
6t 6 +F[6f: 8] - [6f] - F[f-h‘SU] (6)
a‘S—E(-"'—’) LeN / v8£(p, ,t)dp = —8j(z, 1) @)
§Uso(z, ) = / SE(,t)da’ (8)

0

where 8j.(z,t) is the random perturbing force which describes fluctuations of
the conduction current in the system. The solution of Egs. (6)-(8) can be
represented in the form:

t L
6E(z,t) = / dt'/ de’'G(t — t'; z,2')6j.(z', ') %)
-0 0

where G(t —t';z, ') is the Green-function of Egs. (6)-(8), i.e. the transfer
impedance in the time-domain representation which describes the evolution of
the electric field fluctuation caused by the fluctuation 85, = 6(z — 2')6(t — t').
The fluctuations of the voltage between the structure terminals are obtained
by integrating Eq. (9) over all the structure:

L 4
§U,o(t) = / / Vst —)67u(a’, ')dt'dz’ (10)
0 —00
where L
Vit — 1) = / Gt —t's 2, 2')dz (11)
0

is the impedance field describing additive contributions of conduction current
fluctuations §j.(z’,t’) at points z’ to the total value of §U,.(t).

From the standart calculation of the spectral density of a random quan-
tity one obtains the following expression for the spectral density of voltage
fluctuations between the strucure terminals:

L L
U2 =/ d:z:'/ dz"VZ(z',w)VZ* (2", w)Sj(w,z’, ") (12)
0 0
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Si(w,2’,2") = 4/ 6jc(t, 2)6j.(t + 1, 2")cos(wr)dr (13)
0

where VZ(z,w) is the Fourier transform of the impedance field given by Eq.
(11), 6jc(t, 2")65.(t + 7,2") is the autocorrelation function of conduction cur-
rent fluctuations at points 2/ and z” averaged over the whole time domain. In
terms of the formalism considered here, which is identical for both the classical
and quantum cases, the source of fluctuations is only indicated formally, thus
its microscopic expression should be provided by other means. A fundamental
source of fluctuations for the system here considered is connected with the en-
ergy exchange between the ensemble of carriers and the thermostat described
by the collisional term in Eq. (1). Accordingly, without any additional as-
sumption, the correlation characteristics of the fluctuations generated in the
system must be completely determined by the structure of the collision term
(Eq. (2)) and by the electron motion in the electric field given by the field
term (Egs. (3)). In the following section, we provide a logical base for such a
description of fluctuations.

4 Fluctuations in classical case

The natural incorporation of fluctuations into a kinetic scheme is based on
the ergodic hypothesis, when a stochastic Markov process continuous in time
is constructed to describe the trajectory £(t) € (p,z) of a random walk of a
trial particle in momentum and real spaces. The stochastic process must be
constructed in such a way that, in the long-time limit, the time-average of an
arbitrary function 6(p,z) along the trajectory £(t) should coincide with the
average over the steady-state distribution function, namely:

Jtim 5 [ otewar = [ 0(p,2)1(0, dpaz (19

Such a process can be constructed (e.g. by the Monte Carlo procedure) if the
time dependence of the conditional probability of the process, P(p, z, t|po, zo, 1),
describing the probability to find the trial particle at point (p,z) and time ¢
under the condition that at time ¢ the particle was in point (py, zg), satisfies
the time-dependent kinetic Eq. (1) and looses memory of its initial conditions
at long times, i.e.

Jm P(p,2,tlpo, 7o,10) = £, (p, 2) (15)

The Green function G(t — tg; p, z|pg, zo), formally obtained for the classical
kinetic equation, satisfies the same equation as P(p, z,t|po, zo, 1) and, hence,
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can be interpreted as the conditional probability of a certain process. From
the above, the autocorrelation function of the fluctuations of 6(p,z) can be
represented as:

80(t +7,2)80(t, ') = N{ / dp / dp'8(p, z)0(p’, =")G(7; p, 2, =) £, (7', ')

- [0 21020 [ 00,2110 ")) (16)

Even if the determination of the correlation function can be performed in a
natural way, some hidden problems remain. Let us come back to the condition
of linearity. The approach described above has implicitly assumed the linear-
ity of the kinetic Eq. (1) with respect to the distribution function. From a
mathematical point of view one is legitimate to introduce the Green-function
G(t —to; p, z|po, £o). When the self-consistent electric field is accounted for by
Egs. (4) or (5), Eq. (1) becomes nonlinear. As a consequence, for these equa-
tions the Green-function concept looses its meaning. However, the concept of
conditional probability remains valid even for nonlinear systems, as shown, for
example, in simulations with the Monte Carlo procedure. This means, that
the noise generated by a system is not necessarily linear with respect to the
system. In other words, the amplitude of the noise at the output of the system
is not directly proportional to the amplitude of its source. We conclude that,
there appears the problem of nonlinear noise. Let us recall, that Eq. (9) im-
plies linearity of fluctuations, i.e. the impedance field can describe fluctuations
which are linear with respect to the system only. Therefore, when using the
impedance field approach one should make an additional assumption on the
noise source. The most natural one is that such a source is calculated from
the kinetic equation with a frozen (i.e. nonfluctuating) electric field which
coincides with the stationary value E,(z) obtained from the solution of the
nonlinear task.

5 Fluctuations in quantum case

Within a quantum approach based on the Wigner-function formalism, an at-
tempt to construct a logical scheme to determine the correlation function
of fluctuations generated by the system meets serious difficulties at once.
Even if the Wigner function can be normalized to unity in such a way that
fOL J fo(p, z,t)dzdp = 1, it cannot be interpreted as a probability since it is not
positively defined everywhere. Nevertheless, from a formal point of view the
approaches based on the classical and quantum kinetic equations are very simi-
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lar. Therefore, let us discuss some analogies which follow from the classical ap-
proach and seems to be useful for the determination of the correlation functions
of quantum fluctuations. Since the Wigner function is not positively defined,
an attempt to interpret the retarted Green function G4(t — t'; p, z,|p’, ') of
the Wigner-function equation as the conditional probability of some stochastic
process fails. Nevertheless, let us suppose that G,(t — t'; p, z, |9/, ') is known
and we formally have calculated some correlation functions in accordance with
Eq. (16) where instead of the classical Green function and function 6(p, z)
we have substituted their quantum analogues. The question arises: do these
correlation functions describes fluctuations in the quantum case? Let us con-
sider the interrelation between the quantum kinetic equation' and its classical
analogue. To this end, let us rewrite the quantum equation (1) in a form
corresponding to the classical kinetic equation for the space nonhomogeneous
case:

8 ) 0 / /
—a—’ttq—+v—(,’%+eE(r)a—?— fd= /‘I’(P—P',-'L')fq(l’ , &, t)dp (17)

where 9
U(p—p'. 2) = 2%
(p—r2) =25

[ et 0w+ by - v - D1- G o)

The r.hs. of Eq. (17) describes the difference in the dynamical motion asso-
ciated with quantum and classical systems. By using the Green function of
the classical form of the kinetic equation (17), G¢(t — t'; p, z|p’, 2’), a solution
of Eq. (17) for the quantum case with arbitrary initial condition at ¢ = #;,
Jq(p,2,10) = fo(p, z) can be written as:

t
fop,z,t) = / dt’ / dp'dz'G.(t—1';p,z|p’, ") / (' —p", ") f, (", ', 1")dp"
. Jitg

+ / dp'dz’G.(t — to; p, z|p, x')fo(p',i') (18)

By applying to Eq. (18) an iteration procedure, a formal solution for the Green
function of Eq. (17) can be written in the form

Gy(t — t; p, z|Po, 20) = Memsy[p, 2]Ge(t — to; p, 2|po, o) (19)

Here Mc_,q is a certain linear operator defined on a variety of classical trajec-
tories described by the classical conditional probability. Let us consider some
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consequences given by such a representation. As we can see, the transition
from the classical to the quantum kinetic can be represented as a linear trans-
formation I\;Ic_,q from the space of classical dynamic variables (p,z) to the
corresponding of quantum variables. The stochastic part, which is responsible
for the appearance of fluctuations in the system, is invariant for this transi-
tion. Therefore, to introduce fluctuations in the quantum case one can entirely
retain the classical scheme based on the ergodic hypotheses. Then, one con-
structs a random Markov process with the conditional probability given by the
Green-function of the classical analogue of the quantum system. In accordance
with Eq. (14), it is also possible to perform a time-average along stochastic
trajectories £(t), if one succeed to construct the transformation M., on these
trajectories. For quantum kinetics, the function 8[¢] which is averaged in Egs.
(14) must be replaced by 8[¢]M,_.,[¢()]. This means that Eq. (16) holds in
the quantum case too.
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Current- and voltage-noise operations are the two limiting modes that can be
employed when studying electronic noise in semiconductors. Due to their mutual
link through the differential impedance of the sample they are usually thought
to be perfectly equivalent. We report some considerations pointing out the
main differences, advantages and disadvantages, critical situations and bottlenecks
emerging from a unaware use of these operation modes.

1 Introduction

Current and voltage operation modes represent two mutually exclusive ways to
detect macroscopically electronic noise. The former is realized when a constant
voltage is applied to the device and fluctuations of the total current as measured
in the outside circuit are detected. In this case the quantity of interest is the
spectral density of current fluctuation Sy(f). The latter is realized when a
constant total-current is forced to flow in the device and voltage fluctuations
are measured at the terminals of the device. In this case the quantity of interest
1s the spectral density of voltage fluctuations Sy (f). The two spectral densities
are related as:
Su(f) _ 1

s - PO = mr @)

where Z(f) and Y (f) are respectively the differential impedance and admittance.

Using the generalized Nyquist relation, the two spectral densities can be written
as:

S1(f) = 4kpTa(f) RefY (£)] (2)

and

Su (f) = 4ksTn(f)Re[Z(f)] 3)
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where kg is the Boltzmann’s constant and T, (f) the noise temperature. Equat-
ion (1) states that it is possible to go from one representation to the other
through the knowledge of the small-signal response of the system. Therefore,
it would seem that the two operation modes are perfectly equivalent. In
spite of these simple considerations, the actual situation presents some hidden
difficulties that we aim to point out in this paper.
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Figure 1: Spectral densities of current Figure 2: Spectral density of voltage

and voltage fluctuations at equilibrium

for a homogeneous n-Si sample at T =

300 K with n = 10'7 cm™ and p =
1320 em3V/s.

fluctuations for a nT nnt GaAs diode with

1.25-7.5-1.25 um length and n = 10%°

and nt = 2 x 10'*® cm™® doping levels

obtained from a hydrodynamic simulation

for the reported applied voltages at T' =
300 K.

2 Are the noise spectra similar for both operation modes?

Let us consider a homogeneous semiconductor under ohmic conditions. In this
simple situation the differential impedance can be calculated analytically and

it is given by:

ZWw)=R

1+ [wrm(l— wir?) - wT4)

(1 - w?r2)? +wir}

(4)

where R is the ohmic resistance, 7, the momentum relaxation time associated
with the time evolution of the mobility, 74 the dielectric relaxation time and
Tp = /Tm7d the plasma time. A trivial but not sufficiently stressed consequence

of this relation is that, due to Eq.

(1), the current and voltage spectral

densities exhibit completely different frequency behaviors, as shown in Fig.
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1 for a homogeneous n-Si sample at equilibrium. As a matter of fact, while
the current fluctuations are associated with the momentum relaxation time,
the voltage fluctuations are associated with the dielectric and the plasma time.
Furthermore, when comparing two systems a common question which arises
is: which of the systems is the most noisy? We believe that the answer to
this question has no meaning unless the operation conditions are not precisely
specified. These conditions usually depend on the specific application aimed by
the system. An example of this situation is shown by the results obtained from
hydrodynamic calculations (lines) in Figs. 2 and 3 which report the spectral
densities of voltage and current fluctuations for a ntnnt GaAs diode with
doping levels of n = 105 ¢m=3 and nt = 2% 106 em—3 and cathode, n-region
and anode lengths, respectively of 1.25, 7.5 and 1.25 pml. At low frequencies
Su (f) is found to increase significantly with voltage while no significant change
is observed for the corresponding S;(f).

3 Do both operations enable a spatial analysis of the noise?

When studying the noise in a inhomogeneous structure one of the most inter-
esting point is to spatially locate the origin of the noise in the structure. If
current-noise operation is used such a piece of information is lost since the only
quantity which fluctuates is the total current flowing in the outside circuit. On
the other hand, the voltage-noise operation is able to provide a spatial analysis
of electronic noise since voltage fluctuations can be evaluated not only between
the terminals of the device but also between two arbitrary points inside the
structure thus providing a spatial map of the noise of the impedance-field
formula. This is illustrated in Fig. 4 which reports the contribution of each
point of an n*nnt diode to the net noise, 5(z,0) and the local noise of the
structure originated from noise sources at all positions dSy(z,0)/dz. In this
latter case a comparison between Monte Carlo (points) and hydrodynamic
(dashed line) calculations proves the consistency of the curve reported.

4 What happens under strongly non-equilibrium conditions?

Both approaches are in principle equivalent for a description of electronic noise
of a stable system at thermal equilibrium or even far from it, but under unstable
conditions the situation can change significantly. Depending on the operation
mode the system can be in different physical states?. When a constant current
is forced to flow through the structure, the diode remains stable and the voltage
drop between the terminals is imposed by the current. In contrast, under a
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constant voltage Up applied to the diode there exist regions of values of U0‘
where periodic oscillations of the conduction current appear.
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Figure 3: Spectral density of current Figure 4: Space  contributions

fluctuations for the same structure of to the voltage spectral density and space

Fig. 2 obtained from a hydrodynamic distribution of the local voltage noise

simulation for the reported applied calculated by HD and MC techniques at
voltages (lines). Symbols refer to the low frequencies for a submicron n*nnt
results of a Monte Carlo simulation. Si diode with 0.1-0.4-0.1 um length and

n =2 x 10" and n* =5 x 10'" cm™?
doping levels biased at U = 1.5 V..

When a pronounced near-oscillatory macroscopic behavior is exhibited,
the current spectral density tends to a d-like behavior and in this case it is
the spectral width of a line which characterizes the coherence of the periodical
oscillations in the system3.

Furthermore, we have observed the appearance of an additional source of
noise near the threshold voltage when the system goes from the stationary
state independent of time into the stable state periodical in time. Due to
this reason one can observe a strong enhancement of the low-frequency noise
under voltages slightly below the threshold. This is illustrated by symbols in
Fig. 3 which have been calculated using a MC simulation under current-noise
operation. The absence at low frequencies of this extra noise in the HD results
(perhaps due to the presence of partition noise) remains an unsolved problem
4
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5 Are both operations “computationally” equivalent?

Finally, we want to comment a technical point concerning the theoretical
calculation of noise spectra. To this end, nowadays several numerical techniques
are available; among them the most popular are microscopic methods such as
Monte Carlo, Scattered Packet, and Cellular Automata or phenomenological
methods such as hydrodynamic and drift-diffusion methods. In the framework
of microscopic methods it has been recently demonstrated that both operation
modes can be treated at the same level with a comparable computational
burden. On the other hand, when using phenomenological methods, which do
not contain directly in themselves any information on fluctuations, only the
well-known transfer impedance method is able to provide a technique for the
calculation of the noise. This method is developed only under the voltage-
noise operation and the information on the local source of noise must be taken
elsewhere (actually, phenomenological methods are able to compute only the
influence of the local source of noise on the device terminals, i.e. the impedance
field).
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The problem of defining the noise-temperature spectrum Tn(f) of two-terminal
semiconductor devices under far-from-equilibrium conditions is considered. Main
attention is paid to the constraints of system stability and stationarity. Relevant
features emerging when relaxing the above constraints are illustrated by numerical
calculations for GaAs ntnnt structures biased at increasing applied voltages.

1 Problem formulation

The noise-temperature concept is usually introduced to describe small fluctu-
ations over stationary values of device characteristics [1,2] and, for the case of
two-terminal structures, this has been widely investigated both experimentally
[3-6] and theorctically [1-4,7-9]. Its knowledge is of general help to determine
the equivalent sources of noise through Norton and Thevenin generators cor-
responding to constant-voltage and constant-current operations, respectively.
The definition of the noise temperature is based on linear-response theory
when the constraint of a stationary stable-state is rigorously defined. How-
ever, in both cases of experiments as well as of theoretical simulations, such
as Monte Carlo (MC) procedures, a rigorous mathematical definition of a sta-
tionary stable-state cannot be used and it is usually replaced by the following
phenomenological one. Since any measured or simulated quantity fluctuates,
a stationarity of the system is understood as invariance in time (during a cer-
tain time intcrval ) of somc average physical-quantity, c.g. @(t). The noisc
is thus associated with thc fluctuations around the stationary value, AQ(t).
A simplified mathematical formulation of such a phenomenological procedure
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can be represented as follows:

t41/2

sew=ew-1 [ ow 0

t—7/
Near thermodynamic equilibrium the mathematical and phenomenological def-
initions of stationarity can be considered as equivalent for frequencies f >>
1/7. In this case, by neglecting quantum effects associated with black-body
radiation [10], the noise-temperature for a two-terminal device, Tu(f), satisfies
a generalized Nyquist relation of two equivalent forms:

Sv(f) __ Si(f) ()
4kpRe[Z(f)] ~ 4kpRe[Y ()]

where Sy(f) and Sp(f) are the spectral densities of voltage and current fluc-
tuations of the device; Z(f) and Y (f) are its small-signal impedance and ad-
mittance, respectively, kp is the Boltzmann constant. The situation can be
considerably complicated under conditions very-far from thermodynamic equi-
librium. A significant example is a ntnnt structure (diode) of GaAs when
strong carrier-heating occurs because of an external voltage applied to the
diode, especially when an N-shape of the current-voltage characteristic and
associated Gunn-instabilities take place. Under constant-current operation, a
Gunn-diode remains stable (i.e. it does not go to a generation regime) for any
voltage applied between its terminals. In this case, the noise temperature defi-
nition through Sy (f) given by Eq. (2) is valid outside the amplification band,
ie. where Re[Z(f)] > 0. Inside the amplification band, where Re[Z (N <o,
one can introduce the noise-measure, M(f), a dimensionless quantity defined

11,12]:
as (11,12 s 3
N = ST R Z ®

where Tp is the lattice temperature. The above quantity gives the intrinsic
noise of an amplifyer with a shorted input. By assuming that the usual inter-
relations hold, namely:

Su(f)=SINIZ(P, SHH=Su(NDIYHIE, Z(HY(H=1 (@)

one can expect to obtain the same results under constant-voltage operation
too. However, in this latter case the diode can go into a generation regime,
when a transition into another physical-state, periodically oscillating in time,
takes place. Moreover, from one side the transition into the generation regime
occurs usually sharply at some threshold voltage. (Such a transition can be eas-
ily controlled both theoretically and experimentally.) From another side, there

7}(f)=
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exists a certain pre-generation region of applied voltages below the threshold
value. Here, the diode is still stable, in accordance with the phenomenolog-
ical definition of stationarity, but it already ”feels” the possibility to settle
in another physical-state and, indeed, some ”virtual transition” between the
two states occurs. For example, in the time analysis of the current such a
transition is detected as spontaneous appearance of a series of quasi-harmonic
oscillations which spontaneously damp. Such a situation can be monitored by
the noise-temperature spectrum. It means, that the two definitions of Ty (f)
through Sy (f) and S;(f) given by Eq. (2) can become nonequivalent and, for
a generation regime, the concept of noise needs an essential revision. There-
fore, an open problem arises: does the noise temperature and its spectrum
remain a ”good” physical quantity under these conditions?

2 Results and discussion

To better illustrate the open problem formulated above, we report and discuss
some results of interest obtained for a ntnnt structure of GaAs. Figure 1
shows T, (f) at increasing voltages for a 0.5 — 7.5 — 0.5 pm GaAs diode with
doping concentration n = 10'5 and nt = 2 x 10'® em™3 calculated under
constant current operation with a hydrodynamic (HD) approach based on the

10000 | 10000 |
g g
- [
1000 .. 1000 |
10 100 1000 1] 1 2 3
f (GH2) u ()
Figure 1: Noise temperature calculated for Figure 2: Voltage dependence of the noise

a GaAs diode by HD (curves 1 to 7 at temperature at f = 10 GH2 for the GaAs
U =0.9,1.9, 2.2, 2.6, 2.85, 2.94, 3.05 V) diode of Fig. 1. Curves 1 and 2 refer
and MC-HD (curve 8 at U = 3.0 V) ap- to theory and experiment under constant
proaches under constant current and con- voltage operation. Curve 3 is calculated
stant voltage operations, respectively. under constant current operation.
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impedance-field formalism [13]. It should be underlined that, apart from the
generation band centered at f = 25 GHz where T,(f) takes negative values
not reported in the figure, all positive values of T,(f) in Fig. 1 correspond
to the maximum noise power which can be measured by an external detector.
Thus, the noise temperature defined by Eq. (2) for positive values of Re[Z(f)]

30 T T T 5 l' T ]
4} i Un2 V —
3-3 V =
20} U=22V — = ] a5V s
b Us28V - a3l : .
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Figure 4: The same as in Fig. 3 but for

a diode with 5-fold reduced concentration
in n-region.

Figure 3: Spectral density of current fluc-
tuations calculated at 7 = 300 K for
a ntnnt GaAs diode of Fig. 1 by MC
method under constant voltage operation.

has a rigorous physical meaning. For comparison, curve 8 in Fig. 1 shows the
noise temperature spectrum for the same diode calculated under constant volt-
age operation with a mixed MC-HD scheme, when MC and HD approaches are
used separately to calculate Sy(f) and Re[Y (f)], respectively [14]. The general
behavior of T;, (f) is similar to that obtained under constant current operation.
However, a significan difference is observed in the low-frequency range, where
the value of T,(f) is much higher (over a factor of 5) than the correspon-
dent calculated under constant-current operation. Moreover, when the applied
voltage approaches the threshold value U;;, = 3.1 V this difference tends to
be further amplified. For voltages above this threshold value, T,,(f) cannot be
defined in the whole frequency range under constant-voltage operation due to
the onset of self-generation at the transit-time frequency f = 25 GHz. Any-
way, for voltages below U, the low-frequency noise temperature remains a
good physical quantity and can be directly measured. This is illustrated in
Fig. 2 where T, at a frequency f = 10 GHz is reported as a function of the
applied voltage. Curve 1 is calculated under constant-voltage operation with
a mixed MC-HD scheme, curve 2 corresponds to experimental measurements
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performed on a similar diode [6], curve 3 reports the results of HD calcula-
tions carried out under constant-current operation. As can be seen from Fig.
2, the MC calculations and the experimental results obtained within similar
conditions are in good agreement. We remark that the results obtained un-
der constant-current operation (curve 3) exhibit systematic lower values of T,
when compared with those obtained under constant-voltage operation (curve
1), at U = 8 V the value of curve 3 being four times less than that of curve
1. We believe that this difference reflects the appearance of an extra-source of
noise detectable under constant-voltage operation in the pre-threshold region
of applied voltages. This extra-noise should be considered as a precursor signal
that the diode is approaching the generation regime. Indeed, as a counterproof
of this conjecture we notice its absence under constant-current operation when
the diode remains always stable. The fact that an extra-noise is the precursor
of a system instability is also illustrated in Figs. 3 and 4. Here, the spectral
density of current fluctuations calculated directly with the MC approach is
reported in Fig. 3 for the same diode of previous figures and in Fig. 4 for a
similar diode but with a concentration of the n-region reduced by a factor of 5.
In this way we have been able to avoid the self-generation for applied voltages
above the threshold value under constant-voltage operation. For each diode
S1(f,U) is normalized to its value at thermodynamic equilibrium and zero
frequency Sy(0,0). As follows by comparing Figs. 3 and 4, the extra-noise at
Jow-frequency is entirely absent in the spectral density of the stable diode for
both values of voltage near and above the threshold value for Gunn-effect. It
should be stressed that, with a proper choice of the external resonant-circuit,
also the diode of Fig. 4 can operate as an active device for U > 3 V and
generate microwave power. To appreciate the physical implications of the
extra-noise we recall that, by definition, the noise temperature is associated
with the power extracted at the matched load and which can be measured in
both operation modes. From an experimental point of view it means that the
existance of the extra-noise can be easily verified. From a theoretical point of
view it means that the two forms of the generalized Nyquist relation in Eqs.
(2) are no longer equivalent in the pre-threshold voltage region (note, that
the microscopic nature of this noise source is of no importance in this case).
Furthermore, the inter-relations given by Eqs. (4) are obtained from linear-
response theory based on the concept of a stationary state. On the one side,
violation of these inter-relations can be connected with violation of stationary
conditions in one of the operation modes (e.g. constant-voltage operation for
Gunn-diodes). On the other side, it is implicitly supposed that the output
noise results from a linear response, however, in this case one deals with a
system operating under nonlinear response, and it is impossible to determine,




186

either experimentally or from numerical simulation, whether the noise is linear
or not. In any case, by considering that:

(i) both in practice and numerical simulations through stochastic methods
measured and calculated quantities fluctuate in time;

(ii) any experiment or simulation cannot take an infinite time but is always
limited within a well defined time-interval;

there appear here the following unsolved problems which are common o all
noise subjects:

(i) what shall we call as stationary part of a process {noise can be introduced
after having provided an answer to this question only) ?

(ii) is it always possible to separate the stationary part of a process and the
noise 7

(iii) is it possible to classify a noise as a result of linear or nonlinear response?
In our opinion, a solution of these problems would allow to consider some
unsolved problems as solved ones and vice versa.
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We present a theoretical analysis, performed by means of Monte Carlo and hydro-
dynamic calculations, on the applicability of the diffusion coefficient to characterize the
local diffusion noise sources in submicron semiconductor devices. To this end the noise
behaviour of a GaAs n*nn* structure is studied.

1 Introduction

Traditional techniques dealing with the study of noise in electronic devices
usually assume that there is no correlation between diffusion noise sources at
two different positions.! However, it has been theoretically demonstrated that
the velocity fluctuations remain strongly correlated over lengths shorter than the
distance traveled by a carrier between two scattering events.23 This means that
while the diffusion coefficient (DC) is appropriate to describe the local noise
sources in long devices (as compared with the correlation length), in the case of
short and/or non-homogenous devices some doubts about its applicability
appear, since the spatial correlation (SC) between local noise sources should be
taken into account. By means of Monte Carlo (MC) calculations, the existence
of SCs in GaAs has been confirmed* and the influence of these correlations on
the diffusion noise in submicron devices has been analyzed for the case of an
n*nn* structure with an n region of 0.6 microns.® It has been found that the SCs
do not correspond to those found in the homogenous case (specially far from
equilibrium) and, consequently, the addition of all these correlations provides a
value substantially different from the DC corresponding to the local electric
field (or to the local mean energy). This result leads to conclude that the DC
does not seem to be the good magnitude to characterize the local noise sources
in short non-homogenous devices, and suggests that the noise should be
analyzed by taking into account all the individual cross-correlations.

The objective of this work is to check this conjecture. With this aim, the
spectral density of voltage fluctuations between the terminals of a GaAs n*nn*
structure has been calculated by using the impedance field (IF) method in the
framework of a closed hydrodynamic (HD) approach.5 Here, the noise sources
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are assumed to be uncorrelated and they are characterized by the DC
corresponding to the local mean energy. The same calculation has been
performed by using the MC technique, where all the SCs are naturally
incorporated in the simulation.

2 Theoretical analysis

Within the IF formalism, the spectral density of voltage fluctuations between the
terminals of a one-dimensional device of length L under constant-current
operation is given by:

S, ()= J'OL jOL VZ(x,0)S,(x,x' ,@)VZ" (x',)dxdy )

where VZ(x,w) is the local IF and $;(x,x",w) is the noise source term associated
to the positions x and x". Usually it is assumed that the noise sources at two
different points are uncorrelated and consequently, in the case of diffusion
noise, S,(x,x",w) becomes:

5;(x,x', @) = Ag’n(x)S, (x,)8(x — x') = 4Ag*n(x)D(x,0)8(x-¥)  (2)

where A is the cross-sectional area of the device, g is the electron charge, n(x)
the local carrier concentration and S (x,0)=4D(x,m) the local spectral density of
velocity fluctuations, with D(x,m) the local DC, used to characterize the local
noise source. With Eq. 2, S, (w) becomes:

Sy(@) = Ag? [} n(xVZ(x S, (x 0)dx 3)

This final expression assumes that all the noise source associated to the
position x is localized at x (uncorrelated with other positions) and it is characte-
rized by the local DC. With the MC simulation, the calculation of Su(m)7 is
made without introducing any assumption about the noise sources, since it
intrinsically contains the microscopic fluctuations of the involved magnitudes.
The comparison between the MC and IF-HD calculations of §,(w) allows to
determine if the use of the DC to characterize the local noise sources is correct.

The evaluation of the SCs between the noise sources is also possible with
the MC technique. The SCs are studied by decomposing the noise source
related to a given cell n, represented by a magnitude D, (w), into the
contributions coming from the correlations with near cells m, D,,(®),%3 so that:

D,(®)=)'D,,(») Q)

When the field and carrier distributions are uniform over distances longer
than the correlation length, D, (w) corresponds to the bulk longitudinal DC.
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Numerical simulations have been performed for a GaAs n*nn* diode with
the following parameters: doping levels of 10'7 c¢cm™ in the n* regions and
5x10'5 cm3 in the n region; and cathode, n region and anode lengths of 0.3, 0.6
and 0.4 pum respectively. Abrupt homojunctions are assumed. The details of
the MC and HD calculations can be found elsewhere.>6 The input parameters
of the HD model were calculated from single-particle MC simulations.

300 :
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03 04 05 06 07 08 09

Position (um)

Figure 1: Low-frequency value of the
diffusion coefficient corresponding to (e)
addition of cross-correlations, (4) local mean
energy, (w) local electric field, as a function
of the position in the n region of the n*nn*
structure for three applied voltages: (a) 0.0
V,(b)0.15V and (c) 0.6 V.

In Fig. 1 we compare the values
of the DC corresponding to the local
electric field and to the local mean
energy with the values obtained for
D, (0) by adding the contributions
from the cross-correlations according
to Eq. 4. The comparison is perfor-
med in the n region of the n*an*
structure, which constitutes the main
source of voltage noise, and for three
different biasings. At equilibrium
[Fig. 1(a)] the three sets of values
show a good agreement due to the
uniformity of the carrier velocity and
energy inside the structure. In the
case of a bias voltage of 0.15 V [Fig.
1(b)] the agreement is found only in
the central part of the n region, where
the carriers reach the steady state
corresponding to the electric field.
The effect of the non-stationary
motion of the electrons is higher as
the applied voltage is increased. For
0.6 V the steady state is not reached
at any position inside the n region and
the electric field is strongly non-
uniform. All these factors increase
the disagreement between D, (0) and
the local DC (field- or energy-
dependent) [Fig. 1(c)], specially in
the near-anode region.

The previous results indicate that
in the case of short non-homogenous
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Figure 2: Frequency dependence of the spectral
density of voltage fluctuations between the
terminals of the n*nn* structure for several
voltages, calculated by Monte Carlo (MC) and

hydrodynamic (HD) approaches.

devices, and specially far from
equilibrium, the individual cross-
correlations should be taken into
account to analyze the noise and,
therefore, the DC is not appro-
priate to characterize the local
noise sources. To verify this con-
clusion, MC and IF-HD calcu-
lations of S, (®w) in the GaAs
n*nn* structure have been perfor-
med. D(x,w) corresponding to the

* local mean energy, and calculated

from MC simulations, is used in
the noise source term of Eq. 2 for
the IF evaluation of S (). The
comparison between MC and HD
calculations for the three analy-

zed voltages is shown in Fig. 2. From the previous conjecture both results are
expected to be rather different, however they are found to be reasonably similar.
At equilibrium a very good agreement is found, which seems logical in view of
the favourable comparison observed in Fig. 1(a) for the possible estimators of
the noise sources. For 0.15 V a significant (but minor) difference appears at the

lowest frequencies.

And for 0.6 V, when the most important disagreement

could be predicted from the values shown Fig. 1(c), again both results are quite
similar except in the range 100-300 GHz. For frequencies above 500 GHz the
agreement found between both calculations is excellent for the three voltages.

4 Problem discussion

Which is the origin of this un-
expected agreement? Does this
result mean that the DC remains
the good magnitude to describe
the local noise sources in submi-
cron non-homogeneous devices?
Is it due to the fact that the main
influence of SCs takes place in
the region of the device with the
lowest contribution to the noise at
the terminals? To illustrate this
last possibility, Fig. 3 shows the
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Figure 3: Profile of the impedance field squared at
low-frequency along the n*nn* structure for seve-
ral voltages calculated by hydrodynamic approach.
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profile of the IF squared at low frequency, IVZ(x,0)12, along the n*nn* structure.
Following Eq. 3, this is the magnitude which weights the local noise sources to
provide the contribution of each position to the total voltage noise at the
terminals. For the three voltages it can be observed that IVZ(x,0)1? takes the
lowest values in the region where the most important differences between D,(0)
and the local energy-dependent DC appear (Fig. 1), thus minimizing the
influence of the SCs on the noise at the terminals. This is specially manifest for
a biasing of 0.6 V, case in which IVZ(x,0)? is maximum in the near-cathode
region, while the influence of the SCs is very important in the near-anode
region.

5 Conclusions

Trying to prove the inadequacy of the DC to characterize local noise sources in
submicron devices, we have performed a theoretical MC and IF-HD analysis of
voltage noise in a submicron GaAs n*nn* structure. Although the existence and
influence of SCs in this structure are demonstrated, the results of the IF-HD
approach using the local DC in the noise source term are in good agreement
with the MC results. This fact would lead to conclude that the SCs can be
ignored and that the DC remains the good magnitude for the noise analysis.

Acknowledgments

This work has been partially supported by the project TIC95-0652 from the
Comision Interministerial de Ciencia y Tecnologia (CICYT).

References

1. K. M. van Vliet, A. Friedmann, R. J. J. Zijlstra, A. Gisolf and A. van der
Ziel, J. Appl. Phys. 46, 1804 (1975).

2. K. K. Thornber, Solid-State Electron. 17, 95 (1973).

3. J. P. Nougier, J. C. Vaissiere and C. Gontrand, Phys. Rev. Lett. 51, 513
(1983).

4. J. Mateos, T. Gonzélez and D. Pardo, J. Appl. Phys. 77, 1564 (1995).

5. J. Mateos, T. Gonzélez and D. Pardo, Appl. Phys. Lett. 67, 685 (1995).

6. V. Gruzinskis, E. Starikov and P. Shiktorov in Proc. 13th Int. Conf. on
Noise in Physical Systems and lif Fluctuations (World Scientific,
Singapore, 1995), p. 185.

7. T. Gonzélez, D. Pardo, L. Varani and L. Reggiani, Appl. Phys. Lett. 63, 84
(1993).




ARE NOISE SOURCES ASSOCIATED TO BASE AND
COLLECTOR CURRENTS IN AlGaAs/GaAs
HETEROJUNCTION BIPOLAR TRANSISTORS
CORRELATED?

S. JARRIX, C. DELSENY, F. PASCAL, G. LECOY
Centre d’Electronique et de Micro-optoélectronique de Montpellier,
Laboratoire mizte de recherche CNRS-Université UMR5507, Place Bataillon,
U.M. II, 84095 Montpellier Cedez 5, France

In this paper, a correlation between base and collector currents of heterojunction
bipolar transistors is studied versus bias and temperature.

1 Noise Measurement Procedure and Devices

Noise measurements were performed on heterojunction bipolar transistors (HBTs)
in the 10 Hz - 100 kHz frequency range. Transistors are mounted in a common-
emitter configuration. Voltage noise is measured simultaneously on the base
and collector (cf. Fig. 1) of the device across bias resistances. The bias resist-
ance on the base is always chosen with a much higher value than the dynamic
input resistance of the intrinsic transistor r4. Noise signals are fed into low-
noise amplifiers and then into a spectral analyser. Through a FFT algorithm,
Svy, Sv. : voltage spectral densities associated to the base and collector; as
well as Svyv, : the cross-spectral density are measured.

Devices studied were non-self-aligned AlGaAs/GaAs heterojunction bi-

polar transistors (cf. Fig. 2) with different emitter surfaces. Base is C-doped
with a doping of 4 x 10!° ecm=3,

2 Theoretical Expressions of Spectra

All spectral densities of all transistors exhibit excess noise composed of 1/f noise
and generation-recombination (g-r) components ! 2. The white noise is not
reached in the frequency range used. Using a classical small-signal equivalent
circuit, theoretical expressions of Sv;, Sv. 3 and Svyv. have been established.
Relations take into account the spectral densities S, Si. associated to base
and collector current noise sources and the cross-correlation spectral density
-- Siyic. The hypothesis has been made that noise current sources iy and i. are

partly correlated as previously suggested by Van der Ziel. In the case where
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Rp >> rq, expressions are simplified and for the excess noise become :

Svy SZb
Sv, =M SZC (1)
RP{Suyv.} RP{Sisi.}
with :
(rx + rehye)? r2 2(rn + rehyse)re
M= (Rthe)z R% 2R%hf,
—Rr(rx + rehge)hse —reRp —2Rprchse — Rpra
IP{Svv.} = —Rrrs IP{Sii.} 2)
The coherence function 'vyv, is defined by :
Svyve|?
T'vyv. = lg,i—bg—lc (3)

If T'vyv. = 0, noise sources are entirely uncorrelated
If Tvpve = 1, noise sources are entirely correlated
If 0 < T'vyv. < 1, noise sources are partly correlated

3 Measurement of the Coherence Function and Temperature Study

An example of T'vyv, is given for HBT's with emitter surfaces of S; = 28.5um?
and Sz = 10um? on Fig. 3 and 4 respectively. For HBT with S;, I'v;v. evolves
between 0.9 and 1. The curve decreases regularly in the whole frequency range.
This is the case for all HBTs studied with an emitter-surface over 10 pm?. This
phenomenon is also observed on classical silicon bipolar transistors. For HBT
Sy, Tvyv. exhibits values comprised between 0.65 and 1. For this particular
transistor, one can observe a minimum on the curves for a frequency f, around
800 Hz.

The influence of temperature on this minimum has also been studied. To
the frequency fo,, a time constant is associated by 7 = 1/27f,. An Arrhenius
plot of In 772 versus 1000/T could be drawn (Fig. 5). Slope of the line
corresponds to an activation energy with a mean value of 180 meV. Could
traps with this energy be responsible for the minimum of I'vyv.7?

4 Coherence function associated to currents

When T'vpvu. approaches 1, we have shown the term associated to Si; to be
dominant® in the expressions of Svy, Sv., Svyv. in the frequency and bias range
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used. When values of I'vyv, diminish, the contribution of terms associated to
Si. and Sii. have to be considered. Using relations (1) and (2) we were able
to calculate from the experimental results Si;, Si., Sisi. and I'iyi, for different
bias currents. In the same way as for T'vyv., when T'iji. is equal to 1 there is
a total correlation between noise sources, in this case base and collector noise
sources. An example of I'iyi. is given on Fig. 6 for HBT with S; at room
temperature. Values of I'iyi, increase with bias. Also a maximum occurs at
different frequencies fis when bias evolves: 320 Hz < fur < 900 Hz when
10 pA < Ib < 80 pA.

5 Generation-Recombination Noise versus Temperature

To study some possible generation-recombination (g-r) process occurring at
these frequencies, measurements have been performed versus temperature on
HBT S;. Spectral densities Si;, Si. and Si;i, were extracted. An example of
|Sipic|, and of Siy and Si. at different temperatures is given on Fig. 7 and 8
respectively. On these figures, one can note that whatever the temperature the
1/f noise is clearly observed on Si; only. Fig. 7 and 8 also show the presence of
g-r components thermally activated on all spectra. The plateau increases when
temperature decreases and cut-off frequencies shift towards lower values. Also,
when temperature is lowered, more components appear. Finally, for a given
temperature, curves Sty and Si. can be superimposed in the g-r frequency
range.

6 Discussion-Conclusion

A possible explanation of the partial correlation observed between Si; and Si.
is to consider a common current component between the base and collector cur-
rent. This component would be linked to a recombination current depending
on temperature through thermally activated traps. By considering the evol-
ution of spectra with bias, these traps would be located in the base-collector
space-charge-region 2 6. From a realistic point of view, this current component
should not be a major one. Thus we are surprised by the high values meas-
ured for I'iyi.. For example, at room temperature, I'iyi, ~ 0.95 for Ib = 80pA
at f =1 kHz. At this frequency, the value of I'iji. induces a nearly- total
correlation between 4 and i.. To our knowledge this phenomenon has never
been put forward in the literature. This effect could be due to an increase in
leakage current when scaling-down devices. All spectral densities measured on
the transistors have shown excess noise which can be attributed to several noise
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sources. Therefore is it reasonable to think that correlation measurements may
give more indications on the physical mechanisms producing this excess noise?
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ISSUES IN MODELLING THE HIGH FREQUENCY NOISE PARAME-
TERS OF POLYSILICON EMITTER BIPOLAR TRANSISTORS
M. J. DEEN
School of Engineering Science, Simon Fraser University
Burnaby, British Columbia, Canada V5A 156

Analytical modelling of the high frequency noise parameters - minimum noise fig-
ure (NFpqpy), noise resistance (Ry), and optimal source resistance (Rg opr) and
reactance (Xg opr), of polysilicon emitter bipolar transistors presents many chal-
lenges. This paper presents possible solutions for some of these issues, and also
discusses some of the outstanding problems. In particular, we discuss how the four
noise parameters are affected by the bonding pads. Finally, we present some of the
outstanding issues that must be solved for improved noise modelling of devices
with smaller emitter areas and as a function of higher current levels and varying
temperatures.

Introduction

Modern bipolar and BiCMOS high speed circuits now widely use polysilicon
emitter bipolar junction transistors (PE-BJTs) because of the compatibility of these
transistors with the increasingly important self-aligned fabrication technologies.
High unity gain frequencies (f‘s) coupled with high current gains, and high collec-
tor-emitter breakdown voltages (BV cgp) make these PE-BJTS suitable candidates
for analog applications; but high frequency analog circuits are very sensitive to the
noise of the devices. However, accurate noise modelling must take into account all
noise sources and electrical elements in the equivalent circuit model, including
those from the pads, the base-collector capacitance, the collector substrate junction
capacitance, current dependence of the base and emitter resistances etc.

In this paper, we present results illustrating the importance of the pad effects
on the device noise and new expressions of the noise parameters that includes the
emitter resistance. We also discuss some of the issues and problems related to better
modelling of the high frequency noise parameters. Hopefully, this paper will stimu-
late researchers to investigate these issues so that improved noise modelling of the
PE-BITs as a function of both device and operating parameters will soon be real-
ized.

Experiments

The transistors used in these studies were fabricated in a 0.8 um BiCMOS
technology and they had emitter areas ranging from 3.2 pmz to 144 |.Lm2 (five sets),
with the emitter width being 0.8 pm. Noise figures were measured and modelled for
frequencies from 0.5 GHz to 5 GHz, and for collector current densities from 0.016
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mA/pm? to 0.31 mA/pum? for all devices. In addition, the high frequency s-parame-
ters of both transistors and dummy devices were measured using an on-wafer
microwave test system. From the s-parameters, the unity-gain frequency (fy), base
resistance (Rg) and emitter (Rg) resistance were determined. Measurements were
made to determine the base-emitter junction capacitance (C,) and d.c. current gain
(B)- The biasing range was chosen to cover the realistic circuit operating conditions,
and the collector bias was kept constant at 5 V for all measurements. For the current
levels used, B was between 70 and 100 and fr between 8 and 10 GHz. Finally,
devices with two sizes of pads 80x80 wm? to 80x50 p.m were used in to investigate
the effects of bonding pads on the device noise parameters.

Results and Discussions

To investigate the effects of varying emitter areas on the high frequency noise,
the 5 sets of devices with different emitter areas were studied over the frequency
range from 0.5 to 5 GHz These BJTs had nominally designed emitter areas of 3.2,
12. 8 48, 96 and 144 um and the biasing base current was varied from 0.031 mA/
pm to 0.31 mA/ p.m (5 values for all devices). The intrinsic device noise figure
(NF) was modelled with a simplified T-equivalent circuit originally described in [2]
and expanded in [2-7], from which the following expression was obtained.

0 _
loj2

2 2
(RS+RB+RE+re) +XS
NF = 1+ 14

2r R +

R_J'R_E,L'_e,,(“
Rg " 2Rg Rs

o r
_0 _e
R - {(0C,Xg) 2_2ecC 1Xs* (0C, )2. (Rg+R +RE)2}

From this NF expression, NFyy is then calculated to be

o o o
0
NF =—°—+(——(-)--1+I |2m2c2 ) (Rg+Rp+R

)s
MIN = 02" o2 S, OPT

with Rg opr; X5 opr and Ry defined as

2 ao -1
2 — _y2 _2 20,22
RZ opr = (Rg+Rp) XS,OPT+re(2(RB+RE)+re)(l A J
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N T g [of2® 2 s,opT " *5,0PT

In these three expressions, 1, is the emitter dynamic resistance, o is the usual fre-
quency dependent current gain with a d.c. value of 0y, Cyis the base-emitter capac-
itance, Ry is the base resistance, Rg and X is the source resistance and reactance,
and o is the angular frequency.

The pads were modelled as a series/parallel combination of impedances
between the source and input of the device (see [3-5] for details), and from circuit
manipulations, they were taken into consideration in modelling the noise figure
through Rg 1y and Xg 1y, the Thevenin equivalent of the source and pad imped-
ances, and Eg 7y the Thevenin equivalent of the source and pad noise sources. In
the following plots, we show the effects of the pad impedances as a function of col-
lector current. We also show the calculated results when the pad impedances were
not considered. All results are for a frequency of 1 GHz, and these are typical of the
results between 0.5 and 5 GHz.

Fig. 1 shows the variation of NFyy with Ic for all 5 devices. Note that when
the pads’ impedances are neglected, there is significant disagreement of up to 2 dB
between calculations and experiments over a large current range for the 3 smaller
devices, as clearly shown by comparing Figs. 1(a) to 1(b). However, inclusion of
the pads impedances results in good agreement between experiments and calcula-
tions for all devices, and over the entire current range. Figs. 2 and 3 show the varia-
tion of Rg opr and X; opr versus Ic. When the pad effects are not considered, there
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ment between experiments and calcu- when the pad impedances are consid-
lations. ered in the calculations.
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is significant disagreement between experiments and calculations, especially for the
smaller devices. With the pad impedances included, there is improved agreement
between calculations and experimental data.

To illustrate the impact of the pad impedance on high frequency noise mea-
surements, we measured the noise figure of two devices of emitter areas of 12.8

pmz and 48 umz in which the signal pads were of different sizes - 80x80 umz and

50x80 umz, and the pads’ impedances. Figs. 4 and 5 show the results of the imped-
ances of the pads and the minimum noise figure, respectively. These results demon-
strate that the smaller pad with a larger impedance to ground results in the expected
lower measured noise figure for both devices. This is because the larger pad imped-
ance results in less input signal being lost to ground, thus resulting in NFyy values
of the transistors being closer to their intrinsic values. Finally, these results, as well
as those described above illustrate the need for proper accounting of the pads
effects in modelling the noise figure, as well as proper design of their layout to min-
imize their influence on the measured minimum noise figure. ‘

Effects to be investigated

In the model and results discussed above, several simplifying assumptions
were made to derive simple analytical expressions for the noise parameters. These
include the neglect of important elements in the PE-BJT equivalent circuit model
[1-7] such as the base-collector capacitance which significantly affects the high fre-
quency transistor performance; the collector-substrate junction capacitance; the
variation of the base and emitter resistances with biasing current; the effects of high
biasing currents (which results in higher gains and unity gain frequencies); perime-
ter effects which results in many parameters having two components, an area com-
ponent and a perimeter component. In addition, the small signal properties of the
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transistor changes with temperature. To date, no systematic experimental or
theoretical study has been conducted on the effects of varying high and low
temperatures on the noise parameters on polysilicon emitter bipolar transistors.

However, for analytical modelling of the noise parameters, the resulting ana-
lytical model should not so complicated that physical insight into the noise proper-
ties are lost because of the complexity of the resulting expressions. Therefore,
inclusions of the important effects described in the above paragraph in the analyti-
cal noise model should involve appropriate simplifications/limiting values to retain
a form suitable for physical insight. The goal should be include the important elec-
trical elements in the circuit description so that large signal, small signal and noise
properties can be predicted and relevant trends such as scaling effects, temperature
effects and high and low current effects accurately indicated through both calcula-
tions and appropriately simplified analytic expressions, as required.

Conclusions

In this paper, we demonstrated the effects on bonding pads on the noise
parameters NF\n, Rg opr and Xg opr as a function of collector currents. The study
also showed the effects of two different pad structures on NFyy values of two
transistors. For test structure designers, the study also illustrate the need to mini-
mize the pad areas and use metals that are well above the silicon substrate so that
pad effects can be reduced. Finally, we described some of the important electrical
elements in the transistor equivalent circuit model that have been neglected and the
consequences. We also described the need to study the effects of varying opera-
tional conditions of biasing currents and temperatures, and the need to retain physi-
cal insight from the analytical model of the noise parameters.
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PROBLEMS OF LOW-FREQUENCY NOISE IN DEPLETION
MODE pMOSFETs UNDER INVERSION CONDITIONS
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E.SIMOEN and C.CLAEYS
IMEC, Kapeldreef 75, B-3001, Belgium

The new results conceming the problem of low-frequency noise observed under inversion
conditions in MOSFETS with a p-Si film are presented. It is shown that the source of high GR
noise detected in DM pMOSFETs under inversion conditions manifests itself also in EM
nMOSFETs. The characteristics of this noise are described. It is found that the correlation occurs
between the low-frequency 1/f noise and the current in DM pMOSFETs under inversion
conditions. The arguments are adduced in favour of the model where the fluctuations of the
charge in centers located at some distance from the interface (below the inversion layer) can be
responsible for the noise phenomena considered. However, many questions relating to this model
are shown to be still open questions.

1 Introduction

An interface between a semiconductor and an oxide is known to be a powerful
source of a low-frequency noise. The role of this noise can be depressed
significantly in depletion mode (DM) MOSFETs under conditions where strong
inversion occurs at the interface and the fluctuations of the interface potential are
screened by the inversion channel. Such an effect was observed experimentally for
1/f noise' and generation-recombination (GR) noise’> in the DM #»MOSFETs
(n*nn*MOS devices).

The situation appears to be quite different in the DM pMOSFETs (p'pp"'MOS
devices) where the low-frequency noise increases sharply as far as inversion
conditions are approached and this noise does not disappear even in a strong
inversion.

Such an anomalous behaviour was observed for the 1/f noise in bulk DM
PMOSFETS’ and SOI DM pMOSFETs prepared on ZMR substrates®. Recently the
same behaviour has been revealed for the 1//noise in SOS DM pMOSFETs and for
the GR noise in the SOI DM pMOSFETs processed on SIMOX substrates™®. More
of this, the GR noise source of the same nature has been detected also in the
enhancement mode (EM) »MOSFETs (n'pn"MOS devices) where the physical
situation in the p-Si film under operation conditions is similar to that in the DM
PMOSFETS but the current passes through the inversion layer itself. Those EM
nMOSFETSs were also SOI devices processed on SIMOX substrates.
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New results on the noise phenomena considered are presented in this paper. It
is shown that, though much of the behaviour of the noise is understandable, a lot of
problems remains unsolved.

2 Results and Discussion

1. It has been found that the behaviour of the turn-over frequency fo and the
plateau level S(0) in GR noise spectra measured in the EM nMOSFETs is identical
to that observed in the DM pMOSFETs under inversion conditions. This suggests
that the same mechanism is responsible for the noise in both cases.

2. The properties of f, and S(0) for this noise show specific features (Fig.1) that
are typical of the noise considered and differ significantly from the characteristics
of the GR noise observed in the same devices in the absence of inversion.

T,s LA S,A’s
10" [S,(0/1°] 10,
1 -22 (]
. 10*’-10 10 x
10 2 85 )
.23 ~
-0 I
107 I
107 3 a b
\ \ . ; \ A \ , 10'24 2;L__J_I_LJ_L_JJ_
16 17 18 19 20 21 22 23 24 3 5709
UgpV T10°s

Figure 1: The dependences of 7 (1), S{0) (2) and I (3) on the back gate voltage at Uy =0 (a) and the
dependence of S(0)/F on 7 measured in the subthreshold regime (b) for the EM SOI sMOSFET

The increase of the noise with increasing gate voltage under weak inversion
conditions is described by the relation:

Sy (0)/12 ~7° 0y
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where 7= (an(,)_1 ~ exp(ﬁ',UG) and the value of §; is much smaller than for

the GR noise observed in the absence of inversion. For example, 8= (4.7 + N

and B, = 0.5V for inversion in the front and back interface, respectively, while By
= 25V and B, =~ 2.5V for the front and back interface GR noises in the absence
of inversion in pMOSFETs studied®. For the EM nMOSFETs investigated we
obtained B, = (0.26+0.34)V" in the subthreshold regime.

Note that the dependence (1) is not typical for the GR noise. In the most cases
the dependences S, (0)//% ~ 7° where a < 2 are observed.

The behaviour of S; (0) and 7 observed in strong inversion appears to be of two
types: (i) both values do not change with the gate voltage; (ii) both values decrease
and this decrease can be described by the following relations:

S, (0)/1 ~7~ exp(-b » Uc,,) Q@)

In the DM pMOSFETs the decrease with b =5, = (1. 1+1.4)V"! was observed for the
front interface. In the EM nMOSFETs such decrease with 5 = 5, = 0.5V has been
found for the back interface.

Note that this decrease of S{0) in DM pMOSFETs might be attributed to the
screening effect. However, the fact that the same decrease is observed in the EM
nMOSFETs (where the interface noise influences the channel current without any
screening) shows that this is not the case.

3. Considering that the inversion conditions near the interface (front or back)
are responsible for the increase of the noise, the GR processes taking place on
centers near the interface can be proposed as a possible source of the noise studied.
However, because the screening effect does not suppress this noise even at very low
frequencies (~ 1Hz), these centers can not be located at the interface itself. Then it
remains to suppose that they are located in the depletion region below the inversion
layer. Note that in this case the value of 7 has to be independent of the gate voltage
if the centers are distributed uniformly over the Si film thickness’. Then the fact
that 7 = 7 (Ug) suggests that the centers are located in some more or less narrow
layer. The increase of 7 in weak inversion can be explained by that the electron
exchange takes place between the centers and the v-band and =~ 1/p where p is the
bole concentration near the centers (the value of p decreases with increasing gate
voltage). The decrease of 7 in strong inversion can be due to increasing exchange
between the centers and the c-band.

4. An interesting properties of the phenomenon considered has been revealed
by measuring the 1/f noise in the DM pMOSFETs prepared on SOS substrates.
These measurements were carried out on wafer level (i.e. without dicing the silicon
wafer into chips) by using the dedicated home-made system with the special noise
probes. This permits to study the distribution of the noise across the wafer area. The
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results are shown in Fig.2. As is seen, the high scatter in the data for
different samples is typical for the noise under inversion conditions whereas no

S,A%s 1

10.3_ b {———04
-9 L

TR Evara VY

Figure 2: The dependences of the spectral density of 1/fnoise (a) and of the current (b) on the gate voltage
for three DM pMOSFETs (1,2 and 3) located at different regions of the SOS wafer and for one EM
nMOSFET (4) located near the pMOSFET charadteristics of which are shown by curves 2

dispersion of the experimental points is practically observed if the interface is
depleted or even accumulated. What is more, the correlation is observed between
the behaviour of the noise and of the current under strong inversion, namely: (i) the
higher is the noise, the higher is the current; (ii) in those devices were the increase
of the noise in strong inversion is too high the channel current appears to rise with
the increasing gate voltage. In addition, when measuring the characteristics of the
EM nMOSFETs prepared on the same SOS wafer where the DM pMOSFETs are
situated, some non-trivial properties have been found in the dependences I(Us)
measured at a small drain voltage in those nMOSFETs that are located near the
PMOSFETSs with too high 1/f noise in inversion. This is shown by curve 4 in Fig.2b
where the saturation portion is observed in strong inversion (Us > 3.5V) instead of
a trivial linear increase of / with Ug.
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3 Conclusions

It can be concluded that the noise phenomenon studied is observed in a wide
variety of devices of different types, i.e. it is typical not for the devices of some
special type but for the definite physical situation that takes place when the
inversion occurs at the interface between the silicon of p-type and the oxide. This
means that the effect considered is of a rather general nature. However, there is no
full explanation of this effect till now.

It is shown that the physical reason for the phenomenon discussed may be the
fluctuations of the charge at some centers in the depletion layer just below the
inversion layer. However, in this case it is necessary to suppose that the
concentration of these centers drops rapidly with increasing distance from the
inversion layer. What is the nature of such centers? The other questions arised also
and wait for their answer. They are the following. What physical situation may be
responsible for the dependence (1)? Are the above 1/f noise and GR noise really of
the same nature? Why, under conditions of high 1/f noise studied, the channel
current in DM pMOSFETs can increase with increasing gate voltage and the
channel current in EM nMOSFETSs can become constant? Is not the reason of the
well known high level 1/f noise in the EM nMOSFETs just that one which gives
rise to the increase of such a noise under inversion conditions in the depletion mode
PMOSFETs?

References

. T.Elewa et al, IEEE Trans. on Electron. Dev. ED-38, 323, 1991
. B.K.Jones and G.P.Taylor, Solid-St. Electron. 35(9), 1285, 1992
. K. Amberiadis and A Van der Ziel, Solid-St. Electron. 26(10), 1009,
1983
4. N.B.Lukyanchikova, N.P.Garbar and M.V.Petrichuk, In: Proc. 12th Int.
Conf. on Noise in Physical Systems and 1/f Fluctuations, 1993, St.Louis,
pp.374-377
5. N.B.Lukyanchikova ef al, In: Proc. 7th Vilnius Conf. on Fluctuation
Phenomena in Physical Systems, 1994, Palanga, pp.384-389
6. N.B.Lukyanchikova et al, In: Proc. 13th Int. Conf. on Noise in Physical
Systems and 1/f Fluctuations, 1995, Palanga, pp.422-425
7. N.B.Lukyanchikova Fluctuation Phenomena in Semiconductor Materials and
Devices (Radio i Svjaz, Moskow, 1990)

W =




NOISE IN NONLINEAR DYNAMICAL SYSTEMS




SOME UNSOLVED PROBLEMS ON THE
LEVEL CROSSING OF RANDOM PROCESSES

Tsutomu MUNAKATA
Tamagawa University, 6-1-1 Tamagawa-Gakuenn, Machida-shi,
Tokyo, JAPAN

Some unsolved problems regarding to the level crossings of random processes will be
presented. The works on the method of approximation to the probability densities of
level crossing intervals are also reviewed.

1 Introduction

The level crossing problem in the mathematical theory of noise is to determine the
distribution of the intervals between level crossing time points. This problem was
firstly discussed by S.O.Rice [1,2] in the statistical communication theory, and it can
be also found in other fields : oceanography, speech analysis, seismology, biological
systems and Laser optics. In most of studies the level crossing of stationary Gaussian
processes was discussed. But in application fields many studies are available for
Rayleigh, Rice and Ko processes as the models of fading channels and speech sig-
nals[2,5,13,15,16].

An important quantity in the level crossing problem is the probability density or
the variance of the level crossing interval length[3,6,8,9]. Up to now, none of them are
known in analytical form. In field of communication theory, determination of the
probability densities of the level crossing intervals was required, and some approxi-
mations are known[4,7,10,11,12]. These approximations are derived by applying cer-
tain assumptions on the statistical dependences between successive intervals.

On the other hand the problem was further extended to the case of two different
levels or to the crossing with the barrior which changes as a time function. They are
treated as a first passage time problems[13,14,15], and there are so many unsolved
problems in this field.

In this paper some unsolved problems related to the crossings with constant level
will be presented, and also the works on approximations or experimental approaches
will be summarized.

2 Definition of the Problem

Let x(t) be a stationary random process. The process x(t) crosses the fixed level I
upward or downward according to the time development. The time intervals between
successive crossing points are called level crossing intervals. As it is shown in Fig.1,
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level crossing intervals are denoted as T+ or 1- depending on the start conditions,
wheather the interval starts with upward crossing or downward crossing, resp.. In the
same manner the crossing intervals between successive upward (downward) crossings
are denoted as T++, (T--). The expected

MO T++ |
number of crossings in a unit time is called T >
crossing rate, and it is written as NI. For -
the level crossing intervals, mean value,
variance and probability density of them N
are the important quantities, but mostly "
they are not yet given analytically. Fig.1 >

3 Solved and Unsolved Problems, and Known Results
12 3 4 S__N

3.1 Crossing rate NI. (solved) I

unit time
The expected number of crossing points, which are given Fig.2

by crossing the process with boundary upward or downword in a unit time, is called
crossing rate, and it is written as N1. Crossing rate can be calculated from a joint prob-
ability density p(x,y) for the process x(t) and its derivatives y(t) as follows;

N = Wp(x=Ly)dy M

For Gauusian processes this quantity is derived directly from the values of auto
correlation function (ACF) of the processe and its derivatives at t=0, and it is given as;

Ny= Uz (- YO PO)2 expl- Y12 ¥(0)] @

For many other types of random processes, crossing rates can be also calculated,
and the following is an example for Rayleigh processes.

Ng= Qa2 W) 2RIV (0)exp[ RY2¥(O)]  (3)
3.2 Mean value of crossing intervals.
Case of single Level. (solved). For the crossings with single level, mean value of the

crossing intervals can be calculated as the reciprocal of crossing rate. Let p+, li-, H++
and - be the mean values of the crossing intervals T+, T-, T++ and 1--, resp., and they

are given as By =<te>=PMHe= PO2/N @
B =<to>m LPMHw=1PO2/N, ()

By m<Toppd il u<To.> = ZINI (6)
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where P(I) is the probability that the process x(t) stays above the level 1.

Case of two levels. (unsolved) If we consider the intervals of crossings with
two different levels, the problm becomes little bit complicated. Several types of inter-
vals can be available by the combination of the crossing points on both levels. Here we
will add the several new definitions for such types . As it is shown in Fig. 3, four
different intervals are available by the combination of polarity of crossing points on
both levels, and they are denoted as T++,T+-,T-+ and T--. Notice that, in this case the
process is permitted to have several times of crossing with level 11 before it arrives to
level I2. This kind of crossing intervals are called "Usual first passage time".

Te=- B4-
Tes Iy B4+ Iy
A , ,
V 1 1
.t-Q e-#
Fig.3 - Fig.4 6.

In the other hand, as it is shown in Fig. 4, if we take notice only of the shortest
crossing intervals between both levels, other four different intervals can be defined by
the combination of the polarity of the crossing points on each level. This kind of cross-
ing intervals are called "Direct first passage time”, and they are denoted by 6++, 8+-,
6-+ and 0--. For these newly introduced intervals, mean values have not yet be calcu-
lated analytically.

3.3 Variance of the crossing intervals. (unsolved) Fig.5
2 2 2 2 10°

Let 6+, 6-, 6++ and 6-- be the variances of ——0.0
the crossing intervals 1T+,1-,T++ and 1--, resp., of T T —-0.1
single crossing level. Actually these quantities s -+-0.2
have not yet been known analytically. Also for 10°y 0.8 ‘
the case of two levels, as a matter of course, g° \ ]
none of the values for the variance of first + ";«‘
passege times have been found analytically. 10" ‘\’i{‘x"

In the other band, the properties of those L)
quantities have been studied by experimental % "’9':, o
measurement. Such results were accumulated o
widely for many types of random processes. 10~ i
Some typical results are given in Fig.5,[8,9]. -3-2-10 1 2 3
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3.4 Correlations between successive crossing intervals. (unsolved)

1T 1T 1T T 1

As it is given in Fig. 6, the correlation between Tio e (e Te s o
successive crossing intervals can be discussed[9], !
and the correlation between nth and n+i+1 th ¥1 X% ’1‘3 ’;4 ’1‘5 ’:6 ’:7
crossing intervals is defined as Fig.6 l K} Ky K3 Ky Kg

Kis ® [E{Xne Xnsi-} - By BI(0,0))  fori=135;- @

ki = [E(Xn+ Xneis} - 43 Vol fori=24;- ®

Kj- = [E{Xn- Xn+i e} - B, w.)W(o,0.) fori=135," ¢)]

x;- = [E{(Xn- Xnsi-} - B2 Vo2 fori=24; - (10)

These quantities have not yet been known analytically. Difficulty of this problem is
just same as those of variance. Since each value of i is unknown, the following two
relation have been deriveds between the sums of xi and the variance 6+ and 6-.

AB=(la?ol (142 Txgia) +alol (142 3m5i) (1)
1 Fl
-4a(l-9)c, 0. 2 %3544
=0
4(l+2]3)lbz= ol (1+2 iﬁzh) + of( 1+2 i"zi-) (12)
=1 ) =1
040“0_ ix;m,
where =0
A= [reD-(1-20)") ot (13)
B=§, [W,(D-B12]dt a4
B =N, and a = P(I): probability that the 0.5 8- k=0.0
process is found upper the level I. r(t,I) 04 RS
denotes the auto-correlation function of g': AN weees k=04
bivalued clipped random process given 1, oq bt Smlip,, k=08
as 1 for x(t)>=1 and -1for x(t) <L DY R i
The properties of quantities ki s o\ e x
have been studied experimentally, and 02 KWH/
Fig.7 show the typical result of the 0.3 ; +

change of i vs. level I for the Gaussian Fig.7 %% 040 080,120 160 200

process with several bandwidth (k=fl/fh) of power spectrum,{8,9]. For the case of
crossing with two levels, this kind of correlation problem has not yet been discussed.
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3.5 Probability densities of crossing intervals. (unsolved)

Probability densities of crossing intervals are the main things of this kind of research.
In addition to the crossing intervals T+ and t-, the sum of successive intervals are
introduced. The sum of n+1 successive crossing intervals is dnoted by Tn+ or 1Tn-, here
the sign + or - corresponds to the polarity of crossing at the biginning of the interval.
The probability density of the intervals Tn+ and ta- are denoted as Pn+(t,I) and
Pa-(t,I),resp.. In most studies Po(t,I) and P1(t,I) are discussed mainly rather than
other Pn(t,I), and the calculation of these probability densities are not yet be overcome
except special cases. Probability density Po(t,I) can be expressed as the infinite series
of multiple integrals, but it is enough difficult to calculate each multiple integrals. To
avoid this difficulty, several methods of approximation were proposed, and they will
be refered later. 0.06
In the other hand, on the results of
experimental measurements, many inter-
esting things were observed relating to
the probability densities Po(1,I) or Pn(t,I).
One of the interesting things is a number
of peaks on the curve. In many cases,
if the valueI of level is large, several (.01
number of peaks can be observed on
the curve of probability densities Pn(1,]I), Fig. 8
and it is called "Multi-Peak property”. Typical results of multipeak are found in Fig.8.
Another interesting thing is a decay property of the probability density. In the range
of large T, Pn(1,I) is expected to decay exponentially, and the factor of decay is known
by experiment, and some analytical approximations are known.

4 Approximations of Po(t,]) AND Pi(z,])
4.1 Rice function (S.0.Rice) [1,2]

Rice functions are defined as follows: Q+(1,I) and W+(1,I) are the conditional prob-
ability densities that the process crosses the level I downward or upward, resp., in
infinitesimal interval [t1+T, t1+T+dt), given an upward crossing with level I at t1.
Notice that, from the definition, the Rice functions describe only the crossings at time
point t1 and t147, and the crossings happen in the interval 1 are not considerd. From
this reason Rice functions may correspond not to Po(t,I), or P1(t,I) but to the sum of
Pa(t]). Following relations are known between these quantities.

QED=Ery, D (15) WaEh= 2 Pugu  (16)
Rice functions are able to approximate Po(t,I) and P1(t,I) only for small 1.
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4.2 Quasi independent model. (McFadden) [4]

Quasi-independent assumption means that each of the crossing intervals T+ and 1- is
statistically independent of the sum of following 2n+2 level crossing intervals,
(n=0,1,2,...). Under quasi independent assumption, Po(t,I) and P1(z,]) are given as the
solution of following integral equations;

BRI = Qfr,I) - By(r,D = W, I) an
B(.D) = Wr,I) - P (r,I) = W,(t,I) (18)

This approximation has following difficulties;

1) In many cases the value of solution goes minus in some portion of time range, and
it is not acceptable for the approximation of probability density.

2) Results of experimental measurements for the correlations between intervals are
contradictory to this assumption.

As an Extension of this kind of approach, geschwaecherte (weakened) quasi inde-
pendent model (Wolf and Brehm)[7] is available, and more precise approximations
can be obtained. This method employs still complicated triple integral for joint prob-
ability densities, and it is not so easy to calculate for non-Gaussian processes.

4.3 Multi state model, 4 state and 6 state models. (Munakata) [10,11,12]

As it is illustrated in Fig.9, the 4-state model is written by the 4 signal states of the
process defined as follows:
Given an upward crossing of level I at t1, then the process in
Z1 remains above the level I at least until the time t1+7;
Z2 is found below the level I at the time t1+7 after just one subsequent
downward crossing; _ _
Z3 is found above the level I at time t1+7 after at least one subsequent
upward crossing during the time interval T;
Z4 is found below the level I at time t1+7 after at least two subsequent
downward crossings during the time interval 1.

Z, Z,
The process, whichis foundinstate Z1 Q=R*E [ ¢ 1 S5
by having un upward crossing at t1, W=R+F
proceeds to other states like Po=[A18, IP,=A3s 3
Li->72>73 >4 >Z3->Z4-> ... I Py= |18
by counting new crossing. The change / L‘ ‘
of each state probability is written by . s, Ph= s,
following differential equations; Fig. 9 1,8,
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dS)(tVdt =-1, 83 (t) =-B,®
dSaedt = A1 S1(0) - A3 Sa(t) =Fpu(t) =P (®)
dSa(t¥dt= Ay Sa(t) + AgSa(t) - A3 S3(®)

= P (0)-P,O+PFy(t) =W, (1)-Q,()+B, (1) 19)
dS,(O/dt= A3Sa(t) -A¢Sy(t)
P,(1)-Fy(t) = Q,(t)-Fy () - W, (t)+P, (D)

By assuming

A’l= 13 =2 M= 7\‘ =h (20)

the quantities g and h can be calculated as
where | 8= Q(t)/P,(1) h =W, () /(1-P,(t)) 1)
R = Si(0+5300) = 1- §¢ [Q,0-W,m] dt 2)

For the calculation of these quantities only the Rice functions are required.
Then S1(t) and S2(t) ( or Po+(t) and P1+(t) ) can be given by solving following differen-
tial equations;
dS)(tVdt =- 8 Sy (t) = - Py, (t) 23)
dSy(t)dt = 8S)(t).- hSy(t) 24)

and they are solved for Po+(t) and P1+(t) as

Pyy(t) = g(t) expl-G(t)] : (25)
and P, () = h(t) exp[-H(t)] S;g(t)exP[-G(t) +H(t)] dt (26)
Where G =§oe®dt  Hv =§ihw dt (v1))

For large value of lebel lll, this approximation is enough useful, but for small value
of lebel Il, low precision may be expected. It was required to make some modification
to this model.

The 6 state model was proposed as a modification of 4 state model. As it is shown
in Fig.10, 6-state model were derived by introducing two relaxation states Z31 and Z41
into the state Z3 and Z4,resp., of 4 state model. After having arrived to Z31 or Z41, the
process remains there for a certain time T1 and T2,resp., before it proceeds to Z32 or
Z42. Generally such relaxation time must be a random variable, but for simplisity, .
they are assumed to be constant. State probability S3 and S4 are written as
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$3 =531+ $32 and S4 = S41 + S42, z, 2 2 Z
and the relaxation probabilities 3 S
can be written as 51} IL) 32

Ssl(t)=$:.TlW,(t)dt 28 Q= ol"'Pz Fo=£5 P,=3S,,

Sa)= s :_TZ[Q.“) MO W=EB+P / ; N Pa= bS,;
: S4.T
By replacing S3 by $32 and Fig.10 | 5 P=hS Sa
oz, Z
2

S4 by S42 on right hand of Z,
eq.(19), following relations are obtained,

Pyu(t) = Sy (1) & = S1)Q)/[S1 (1)+S32()]

Z, == Te

= S1(OQW/IP,())-S31())] (30)
Bo(t) = S2(0) b = S2) W, (0) /[S3()+S420)]
=83(t) W, () /[1-P,(t) -S 1 (1)] ’ @31

Only by replacing g byﬁ ineq.(23)and h byfn in eq.(24), solutions of 6 state model are
obtaind as

Bkt Ty) = &(ETy) expl-G(e:Ty)) (32)

BT T = AR expl-B )1 (33)
where +§ o BUTDexpl-GeeiTy) + T Ty )] ot

Ge:T =5 STy de (4)
and BT T = ST at (35)

Since these solutions are still function of the relaxation times T1 and T2, one must
found the metod to determine these parameters. For this purpose, by adjustong T1 and
T2 the first moment of Po@(t;’l‘l) and Pl@(t;Tl,'m) is set to be equal to the value mo
or mi, the first moment of Po+(t) and P14(t), which can be given as the mean value of
crossing intervals. The first moments of of the solutions are given as

my(Ty) = S:t o?(t M)dt= S;GXP['&'.;TI)] dt (36)
and 0 '
(T Tp) = SOt AT de = my(Ty)e (37

+§gempl-Ae T -§1 By expl o Ty et

Only Rice functions Q , W and mean values p+, pi- of the crossing intervals are re-
quired for the calculations. From this reason it is very easy to apply the model for non-
Gaussian processes. Fairly good approximatios are obtained for many cases.
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5 Conclusion

Some unsolved problems on the level crossing of random processes are summarized.
These problems are simple to state and easy to understand, but they are still unsolved
after half a century. In many cases the only reliable information that we have about
these problems are experimental results. We need further attention to this field and
more intensive investigations.
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STOCHASTIC RESONANCE AT PHASE NOISE
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A surprising new stochastic resonance phenomenon is reported. The particular set-up is a
level-crossing detector with a supra-threshold sinusoidal excitation, and the noise is an additive
band-limited white noise in the phase angle of the sinusoidal time-function. We observe stochastic
resonance phenomenon in the first harmonic at the output power spectral density of the system. It
means that, if the phase noise is not zero, there is an optimal strength of that phase noise where the
signal to noise ratio reaches a local maximum. At the moment, there is no theory to explain this
phenomenon.

1 Introduction

Stochastic resonance (SR) is a widely investigated phenomenon of statistical and
solid state physics. SR can occurs in special nonlinear systems, when one can
identify a periodic and noisy input excitation. SR means that the signal-to-noise
ratio (SNR) at the output has a maximum as a function of the intensity of the input
noise [1]. There are several real and many artificial systems, which can produce
stochastic resonance [1], for example SQUIDS, noisy neural networks, lasers, level-
crossing detectors [2-6], Schmitt-triggers and a lot of different mathematical models.
First, SR was observed and explained in dynamical, two-state systems, however,
later it was shown, that the real meaning of SR is different: SR is basically a level-
crossing dynamical problem of the noisy signal [5]. Recently a promising
possibility of increasing the output SNR over the input SNR in level-crossing
detectors has been reported [5,6], highlighting the application possibilities of SR.
Previously, input signals used for’ stochastic resonators were usually additive,
sometimes multiplicative, with the input signal. Here, we introduce a new type of
stochastic resonance based on random phase modulation of the periodic input signal.

2 Model

The principle of the new stochastic resonator set-up can technically be visualised by
a phase modulator followed by a level-crossing detector (LCD) [2], see Figure 1. The
input of the phase modulator is a sine wave with frequency fo and the modulating
input is fed by a band-limited white noise serving as the phase modulating quantity.
For simplicity, the amplitude distribution of the phase noise has been chosen to be
uniform. The phase modulator adds the noise to the phase of the input sine wave
which can be expressed in the following way:
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y(t) = A sin[ 2nfot+w(t)) )

where w(t) represents the phase noise.

Noise w(t)

Level-
Crossing
Detector

y(®

Periodic signall modulator |

x(t)

Figure 1: Visualisation of the set-up for stochastic resonance at phase-noise.

1.0
0.8
d9.8
qa.7
4.6
as
a.4
4.3
4.2
a.1

c.o 1 A i i 2 " ' L : y 2N

Qutput (V)

UL V)

E a.6
ﬁ. a.a
H _o5
-{0E

0 2 4 6 B8 10 12 14 18 18
+ims (=)

Figure 2: An example for the input and output amplitudes




225

The phase modulated sine wave gets into an LCD to produce the output signal. The
LCD emits a pulse, whenever its input value is crossing the threshold value U

upwards, and the LCD output is zero otherwise. Figure 2 shows a typical input and
the corresponding output signal of the system.

3 Results

We used numerical simulations to investigate the behaviour of the phase modulator
based SR. A (high-performance) uniform random number generator was used to
represent the input noise. These numbers were used to generate samples of length of
16000. The power spectrum was calculated using FFT and by averaging 1000
samples. An example for the output spectra can be observed on Figure 3.

10-3 1 4 2 1 2
0 J 50 100 160 200 250
X .

Frequency (Hz)

Figure 3:. An example for the output power density spectrum

The amplitude of the sine wave was fixed to unity, and the threshold and noise
amplitude were varied. The output signal strength and the SNR values were
calculated and plotted as the function of the threshold of the LCD and RMS value of
the input noise. This dependence is illustrated on Figure 4. The existence of strong
stochastic résonance is very clear from the behaviour of both quantities.
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Figure 4: The output mean-square signal amplitude Pg and SNR
versus the phase noise amplitude
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It is important to note that to get any signal at the output, the system has to work
in the supra-threshold limit:
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otherwise the input signal never crosses the threshold. On Figure 5, we can see the
output spectrum when the threshold level varies between its limits. This behaviour
is completely different from the previously considered SR systems additive noise.
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Figure 5: Power Spectrum at the signal frequency with various threshold levels and phase noise

4 Unsolved problems/questions

a. Theory. This is the really unsolved problem here. There is no theoretical
explanation of these new results at the moment.

Some open questions:
b. The same effect with different noises and different signals.

¢. Importance of this effect at practical applications. LCD systems are often used in
the information technology and the occurrence of phase noise is rather general
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there, too. Whenever the threshold level of the LCD is not zero, stochastic
resonance can probably be used to optimise the signal transfer.
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Abstract

Stochastic resonance in an extended system is studied in a simple
version of a reaction—diffusion (RD) model. The known form of the
nonequilibrinm potential is exploited to obtain the probability for the
decay of the metastable extended states and expressions for the cor-
relation function and the signal-to-noise ratio (SNR). It is shown that
the SNR increases with the diffusivity that plays the role of a coupling
parameter.

1 Model and Nonequilibrium potential

One of the most fascinating cooperative effects arising out of the interplay
between deterministic and random dynamics in a nonlinear system is the phe-
nomenon of stochastic resonance (SR).! The particular features of this phe-
nomenon in the case of extended systems are still under study, with particularly
interesting recent results of numerical simulations of arrays of coupled nonlin-
ear oscillators 2 where it was shown that the coupling enhances the response.

We present here a brief analysis of this phenomenon in a spatially ex-
tended system by exploiting our previous results obtained using the notion
of the nonequilibrium potential® in a simple RD model. We shall focus on
a one—dimensional, one-component model of an electrothermal instability, 4
that corresponds to an approximation to the continuous limit of the coupled
system studied by Lindner et al.. 2 For this model we have studied the effect of
boundary conditions (b.c.) in pattern selection, the global stability of the non-
homogeneous structures, and the critical like behaviour due to the coalescence
of two patterns as a control parameter is varied. 46

The particular form of the model that we work with is4

8 = DA2,6 — ¢+ 0(¢ — ¢c), (1)

in the bounded domain z € [—L, L] and with Dirichlet b.c. at both ends, i.e.
é(£L,t) = 0. Clearly, we have the trivial solution ¢o(z) = 0, which is linearly
stable and exists for the whole range of parameters. The piecewise linear
approximation of the reaction term, mimicking a cubic polynomial, allows us
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to find analytical expressions for the spatially symmetric solutions of Eq.(1).
In particular we find only one stable nonhomogeneous structure, ¢,(z), that
presents a central excited zone where ¢,(x) > ¢.. Besides that, we find another
similar unstable structure, ¢,(z), with a smaller central excited zone. This
pattern corresponds to the saddle separating both attractors ¢o(z) and ¢, ().
There are other unstable nonhomogenous solutions, but playing no role in this
problem. +-6

The indicated patterns are extrema of the nonequilibrium potential or
Lyapunov functional (LF) of our system that reads ®¢

Fosd= [ {— [ ovo-o a2 (§—¢>2}d )

The functional F is such that %? = —-%’;:; and, as a good LF, fulfills the
2
condition ¥ = — fj’:: (%%) dr < 0. It offers the possibility to study the
global stability of the patterns and the changes due to variations of model
parameters. 5

In Fig. 1 we depict the LF F[¢, ¢.] evaluated at the stationary patterns
$o (Flgo] = 0), ¢5(x) (F* = Fl¢s]) and ¢u(z) (F* = F[¢u]), for a system size
L =1, as a function of ¢, and for two values of D. In the bistable zone, the
upper branch of each curve is the LF for ¢,(z), where F attains an extremum
(as a matter of fact it is a saddle of the nonequilibrium potential). On the
lower branch, for ¢,(z), and also for ¢o(z), the LF has local minima. For
each value of D the curves exist up to a certain critical value of ¢, at which
both branches collapse. It is interesting to note that, since the LF for ¢,(x)
is always positive and, for ¢;(z), F* is positive for some values of ¢, and also
F* — —oco as ¢, — 0, F* vanishes for an intermediate value of ¢, = ¢;, where
#s(z) and ¢o(z) exchange their relative stability.

In order to account for the effect of fluctuations, we need to include in
the time-evolution equation of our model (Eq.(1)) a fluctuation term §(z,1),
modeled as an additive noise source, yielding a stochastic partial differen-
tial equation for the random field ¢(z,t). We assume that £(z,t) is a Gaus-
sian white noise with zero mean value and a correlation function given by
(€(z, 1) E(=', 1)) =2 7 8(t — t') 6(x — '), where 7 denotes the noise strength.

We now exploit an scheme that allows us to describe the decay of extended
metastable states, 7 yielding the following Kramers’ like result for the first-

passage-time (7):
()= exp { EZLE0AY, (3)
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barrier height

Figure 1: Nonequilibrium potential F, for the stationary patterns, as a function of ¢, for
L = 1. The bottom curve corresponds to ¢s(y) and the top one to ¢u(y). The points ¢7,
are indicated. The insert shows the behaviour of the barrier height as a function of ¢c.

where AF[$,¢c] = Flounst(y), ¢c] — Fldmeta(y), ¢c]. The prefactor 1 is de-
termined by the curvature of F[¢, ¢.] at its extrema (minima) and is typically
several orders of magnitude smaller than the average time (7). In the insert of
Fig. 1 we show the form of AF[¢g, 4] (line (b)) and AF[¢,, ¢.] (line(a)), as
a function of ¢.. It also corresponds to the behavior of In({7)/7).

2 Stochastic resonance and the effect of coupling

We now assume that, due to an external harmonic variation, the parameter
é. has an oscillatory part ¢.(t) = é% + é¢.cos(Qt + ¢). For the spatially
extended problem, we need to evaluate the space-time correlation function
(¢(y,t)p(/,t')). To do this we will use a simplified point of view, based
on the two state approach of McNamara and Wiesenfeld, ® that allows us
to apply almost directly some of their results. To proceed with the calcula-
tion of the correlation function we need to evaluate the transition probabili-
ties between our two states ¢ and @,, Wy = 75 exp (—AF[¢, ¢.]/7), where

AF($, 6] m AF[p, 62+ 6c[225102e) . cos(Qt+ ). This yields for the tran-
sition probabilities W, = %(ao Fay % cos(Qt+go)), ag ~ exp(—AF[¢, ¢:1/7)

and a3 ~ ag ‘2";}- {¢2. With this identification, and using the fact that ¢o = 0,
only one term remains. Hence, after averaging over the random phase ¢, we
end up with an expression similar to their correlation function but in which
the position of their minima, +c, is replaced by ¢ = ¢, (z)2.

To obtain the generalized susceptibility S(«,w), we need to perform the
Fourier transform of the correlation function in time as well as in space. Due




232

o‘“ L} T 13 L} L) L} L} ¥ v T
020

0.04 | 015 .
0.10

0.03 |- % 0.05 k
00
0098 10 12 14 15 18

o0z| J

SNR

D(coupling)

0.01 |-

0.00 |-

000 002 004 008 008 010 012 0144 0.16
¥ (noise intensity)

Figure 2: SNR as a function of the noise intensity v (Eq.(17)), for (a) D = 0.9, (b) = 1.0, (c)
=1.1. We fixed ¢c = ¢?, L =1, 6¢. = 0.01 and © = 0.01. The insert shows the maximum
of SNR as a function of D.

to the fact that the space and time dependences of the correlation function fac-
torize, S(k,w) factorizes too, and it is enough to analyze its time dependence.
The Fourier transform of this time dependence yields a function analogous to
the usual power spectrum function S(w). 8 Finally, the result for the SNR is

SNR ~ (Ahy")? exp(~24F(,2)/1), @

where X is an estimation of the potential curvature at the potential minima
(for instance given by the linear stability eigenvalue), and A ~ ‘ﬁf l¢s80e.
Eq.(4) is analogous to what has been obtained in zero dimensional systems, but
where AF[@, %] contains all the information regarding the spatially extended
character of the system.

In Fig. 2 we show the dependence of the present SNR on 7, for typical
values of the parameters (same as in Fig. 1), and different values of D. It is
seen that the response increases for increasing values of D. The insert shows
the dependence of the maximum of the SNR as a function of D (that plays
here the role of the coupling parameter). This is in agreement with recent
numerical results for a system of coupled nonlinear oscillators. 2

It is worth remarking here that the present calculation breaks down for
large values of D. This is due to the fact that, for increasing D, the curves
in Fig. 1 shift to the left while the barrier separating the attractors tends to
zero. It is also worth noting that, besides the approximation involved in the
Kramers’ like expression in Eq.(3) and the two level approximation used for
the evaluation of the correlation function, all the previous results (form of the
patterns, nonequilibrium potential) are analytically exact. However, in a more
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careful analysis of the problem, as indicated by the present rough calculation,
we can expect different strengths for the SR phenomena for different wave
lengths, as the dependence of the generalized susceptibility S(k,w) on k and w
—that will not necessarily factorize— will also imply that SNR ~ SN R(x,w).

The present form of analysis will be extended to activator-inhibitor or
multicomponent models that, besides applications in chemical and biological
systems, are related to spatio-temporal synchronization problems. 1,2 Also, in
those models we have that a non-local coupling exists, in contrast with the
nearest neighbour coupling presented here. ®
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Abstract
In spatially periodic structures, nonequilibrium fluctuations of spe-
cific statistics are able to generate non-zero current (Brownian ratchets).
An unsolved problem is: What minimal statistics for the fluctuations is
required for inducing finite transport in ratchet-type systems? In par-
ticular, is there a chance that a symmetric and delta-correlated additive
noise does in fact yield directed motion?

In generic cases, random fluctuations (and other irregular forces) are reckoned
to act destructively on processes, starting from physical through biological up
to sociological ones. On the other hand, constructive influence of uncontrollable
perturbations can be observed in nature. Examples are activation processes,
stochastic resonance phenomena, Brownian ratchets, etc. In the latter, trans-
port (non-zero current) in spatially periodic structures can be generated by
random fluctuations of zero average values, without any field gradients and
external bias forces! The interest of such a transport mechanism is consider-
able: In biology (protein motors: transport of vesicles and ogranelles, loco-
motion, segregation of chromosomes)? material sciences (separation or pump-
ing of particles), electronics (nano- and micro-technologies) and physics.
Periodic structures possess or do not possess a reflection symmetry. It
means that systems can be described in terms of a spatially periodic potential
V(z) = V(z + L) with period L. For systems with a reflection symmetry,
there is a constant C such that V(C ~ z) = V(C + z). Moreover, fluctuations
that act in systems can be symmetric or asymmetric. Symmetric noise £(t)
is characterized by the fact that all its odd numbered cumulant averages are
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identically vanishing; in contrast, asymmetric noise of zero mean can possess
nonvanishing odd-numbered higher order cumulants.

From previous investigations, it has been known that in periodic structures:
(a) Transport can be induced by correlated symmetric noises in systems with
a broken spatial symmetry (i.e., when the spatial potential is asymmetric)3*
{(b) Transport can be genereted by correlated asymmetric fluctuations in sys-
tems without broken spatial symmetry (i.e., when the spatial potential is sym-
metric)®
(c) Transport can be induced by uncorrelated (or J-correlated) asymmetric shot
noise in systems without broken spatial symmetry®
(d) Transport cannot be generated by thermal fluctuations (symmetric Gaus-
sian white noise).

An open fundamental question thus reads: What minimal statistics of noise
should be sufficient for inducing a macroscopic current in periodic structures?
To be more precise, let us formulate the problem in the form of overdamped
motion of Brownian particles (of unit masses) in spatially periodic potential
V(z), namely,

& = f(a) +T(t) +£0), (1)

where f(z) = —dV(z)/dz. The process T(t) represents thermal fluctuations:
It is Gaussian delta-correlated noise of zero mean and of strength Dy = kT /vy
with T and v denoting the temperature of the system and the friction coeffi-
cient, respectively. The process £(t) is a ”driving force” and models an